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ABSTRACT 
Global utilization of fossil fuel is known to increase green-house gases emissions, 
which consequently contribute to global warming and other environmental problems. 
Biomass is of increasing importance in sustainable energy supply as it can be of low 
cost and small carbon footprint. However, the bulky and fibrous nature of biomass 
requires the fuel to be further pre-treated or converted into high energy density 
biofuels such as biochar and bio-oil. At the same time, biodiesel is considered to be 
an important renewable transport fuel. However, sustainable development of 
biodiesel industry has been impeded by the generation of a huge surplus of 
by-product (glycerol). While extensive research efforts have been made in utilization 
of glycerol for energy application, there is still considerable scope for developing 
new and innovative strategies for co-utilisation of biochar, bio-oil and/or glycerol. 
This PhD thesis reports the fuel properties of two bio-oil-based fuel mixtures, i.e. 
biochar/bio-oil slurry fuel (hereafter referred to as “bioslurry”) and glycerol/bio-oil 
fuel blends. The specific objectives are to (1) establish a suitable quantification 
method for analysing alkali and alkaline earth metallic (AAEM) species in bio-oil and 
bioslurry fuels; (2) evaluate the evolution of fuel properties during bioslurry ageing 
and apply the newly-developed method to quantify the distribution of AAEM species 
between biochar and bio-oil phase during bioslurry storage; (3) understand the 
mechanisms governing the leaching of nutrients in biochar by bio-oil in a bioslurry 
system; (4) examine the solubility of glycerol in bio-oil and characterize the fuel 
properties of the obtained blends; and (5) assess the possibility of blending crude 
glycerol into bio-oil and provide feasible strategy for integration of such blending 
process into biodiesel production process. These objectives have been successfully 
achieved and the main outcomes are summarized as follows.         
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Firstly, a new method has been developed and established for the quantification of 
AAEM species in bioslurry fuels. The so-called evaporation-ashing-digestion-IC 
method consists of four steps including evaporation that converts bioslurry into 
solid-like residue, ashing that converts the residue into ash, acid digestion that 
dissolves the ash into a solution and ion-chromatograph (IC) analysis that quantifies 
the AAEM species in the solution. The novelty of the method is the combination of the 
evaporation step with the existing ashing−digestion−IC method that is developed for 
solid fuels but not suitable for bioslurry fuels. The conventional ashing–digestion–IC 
method underestimates the concentration of AAEM species in bioslurry fuels due to 
carry-over of biochar particles during ashing. The evaporation step consists of 
multi-steps of slow heating and holding at various segment temperatures 
corresponding to the boiling points of the major compounds in bio-oil, resulting in 
progressive evaporation of bio-oil vapours with little carry-over of biochar particles. 
The new method has been successfully applied to quantifying AAEM species in 
bioslurry fuels with various biochar loading levels (5–20 wt%), with small relative 
standard errors (within 3%) and low limitations of quantification (0.4−3.0 ppm). It 
also overcomes the biochar incomplete oxidation issue associated with the 
microwave-digestion-based methods, which has been found to considerably 
underestimate the concentrations of AAEM species in bioslurry fuels.  
Secondly, ageing of a series of bioslurry fuels with different biochar loading levels 
was carried out at room temperature for a storage period of 29 days. The results 
demonstrate that the storage of bioslurry results in a reduction in the acidity (total acid 
number i.e. TAN), a reduction in the viscosity and an increase in the water content of 
the bio-oil phase. Compared to the blank bio-oil samples, the presence of biochar leads 
to more severe changes in the fuel properties of bioslurry, at least partially due to some 
condensation reactions among bio-oil compounds catalysed by the biochar or 
reactions between the acidic bio-oil and the basic biochar. An increase in biochar 
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loading level further decreases the TAN and viscosity of bio-oil phases and increases 
the water content of bio-oil phases. However, after 29 days of storage, the bioslurry 
fuels (with up to 15% biochar loading) are still acidic. In addition, the storage of 
bioslurry also results in undesired redistribution of AAEM species between the 
biochar and bio-oil phase in bioslurry, via the leaching of these inorganic species from 
the biochar into the acidic bio-oil by two-step kinetics.  
Thirdly, the migration of AAEM species in bioslurry was further investigated via 
leaching of biochar by bio-oil model compounds. It is found that acids and water in 
bio-oil water soluble fraction is responsible for the majority of AAEM species leached 
from biochar by bio-oil. Other individual organic compounds in bio-oil (e.g., methanol, 
acetone and guaiacol) have poor polarity or low dielectric constant so that the 
capability for leaching of AAEM species seems to be limited. However, the presence 
of these organic compounds can have significant impact on the leaching capability of 
water or acids. For example, the presence of organic compounds with low polarity or 
low dielectric constant can hinder the leaching of AAEM species by water, which can 
be attributed to the decrease of salt solubility. On the other hand, in the presence of 
phenolic compounds, the leaching of AAEM species (especially Mg and Ca species) 
may be enhanced because these phenolic compounds improve the accessibility of 
AAEM species within the biochar structure by water or acid. 
Fourthly, even though no measurable amount of glycerol is found soluble in bio-oil, 
homogenous fuel blends can be prepared with appropriate amount of methanol 
addition. Compared to the bio-oil or glycerol alone as a fuel, the obtained 
glycerol/methanol/bio-oil blends have improved fuel properties (higher heating value, 
lower viscosity and lower surface tension etc.). Taking safety into consideration during 
storage and transportation of a fuel and the possible ratio of glycerol to methanol that 
may be obtained from biodiesel production process, potential feasible compositions of 
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the glycerol/methanol/bio-oil blends (glycerol  20 wt %, methanol  10 wt %, bio-oil 
 70 wt %) are recommended as burner fuel for combustion applications. Further 
accelerated aging experiments of selected fuel blends in the recommended 
composition range indicate that the fuel blends experience decreases in the viscosity 
and TAN, and an increase in water content upon long term storage.  
Fifthly, further efforts were made to investigate the possibility of directly blending 
crude glycerol with bio-oil, via studying the effect of major impurities in crude 
glycerol on solubility and properties of glycerol/methanol/bio-oil blends. The major 
impurities in crude glycerol considered in this study include water, soap, NaCl and 
NaOH. All these impurities are found to worsen the solubility of glycerol in bio-oil to 
some degree. In general, NaCl and NaOH can worsen the solubility even at a low 
concentration of 2% in glycerol because of their capability to aid phase separation of 
bio-oil. The effects of water and soap on solubility become significant when the ratios 
of water to bio-oil or soap to bio-oil are over 0.3 and 0.01, respectively. Although the 
impurity-containing glycerol/methanol/bio-oil blends show similar rheological 
properties and fuel properties (heating value, surface tension and density etc.) as to 
that of the glycerol/methanol/bio-oil blend, a slight reduction in acidity of the fuel 
blends is observed while there is a high content (e.g., 10%) of NaOH in the aqueous 
glycerol mixture. Ageing studies on the composed fuel blends suggest that soap or 
NaOH as alkaline matter can slightly slow down the changes in the fuel properties 
(viscosity, water content and TAN) during long term storage, especially changes in 
TAN. Efforts were also made to investigate the solubility of the formulated crude 
glycerol (FCG) in the bio-oil and fuel properties of the FCG/methanol/bio-oil blends. 
The results suggest that the biodiesel production process without water addition, 
which is used to aid phase separation and neutralisation of glycerol phase, is a good 
option for integration with the blending process of crude glycerol and the bio-oil to 
make fuel blends. 
  ACKNOWLEDGEMENTS 
Properties of Bio-oil-Based Fuel Mixtures                             VII                                  
ACKNOWLEDGEMENTS 
I gratefully acknowledge the Australian Research Council via its Discovery Projects 
Scheme to partially support my PhD research project, and the Chinese Scholarship 
Council and Curtin University for providing PhD scholarships during my study.  
I would like to express my sincere and deepest gratitude to my supervisor, Professor 
Hongwei Wu, for providing me the precious opportunity for this research and for his 
utmost guidance, advice, training, patience, inspiration, persistent support as well as 
devotion in supervision during the course of this research. Without him, my PhD 
research would not be possible. 
I am especially indebted to my beloved family–my parents, my husband and my 
brothers, for their support, encouragement and understanding during my PhD study.  
Special thanks also goes to VTT and another provider (who has chosen to remain 
anonymous) for supplying the fast pyrolysis bio-oil samples, and WA&J King Pty Ltd 
(Western Australia) for providing the pine wood sample used in the laboratory 
experiments. In addition, I would like to express my appreciation to Karen Haynes, 
Jason Wright, Araya Abera, Xiao Hua, Roshanak Doroushi, and Andrew Chan for 
their laboratory assistance. I am also grateful to other staff from Department of 
Chemical Engineering for their assistance and the staff from Department of Applied 
Physics for the help in SEM and optical microscope training.  
Lastly, I acknowledge Xiangpeng Gao, Yun Yu, Hanisom Abdullah, Yanwu Yang, 
Muhammad Usman Rahim, Syamsuddin Yani, Sui Boon Liaw, Alan Burton, Dawei 
Liu, Yu Long, Chao Feng, Bing Song, Mansoor Hassani Ghezelchi, Matthew Witham 
and Wenran Gao in our research group for their helps in various ways. 
  TABLE OF CONTENTS 
Properties of Bio-oil-Based Fuel Mixtures                             VIII                                  
LIST OF PUBLICATIONS 
Papers Published in Refereed International Journals 
[1] Mingming Zhang and Hongwei Wu. Effect of Major Impurities in Crude 
Glycerol on Solubility and Properties of Glycerol/Methanol/Bio-oil Blends, Fuel 
2015, 159, 118–127. 
[2] Mingming Zhang and Hongwei Wu. Bioslurry as a Fuel. 6. Leaching 
Characteristics of Alkali and Alkaline Earth Metallic Species from Biochar by Bio-oil 
Model Compounds. Energy & Fuels 2015, 29, 2535−2541. 
[3] Mingming Zhang and Hongwei Wu. Phase Behavior and Fuel Properties of 
Bio-Oil/Glycerol/Methanol Blends, Energy & Fuels 2014, 28, 4650-4656. 
[4] Mingming Zhang, Suiboon Liaw, and Hongwei Wu. Bioslurry as a Fuel. 5. Fuel 
Properties Evolution and Aging during Bioslurry Storage, Energy & Fuels 2013, 27, 
7560-7568. 
[5] Mingming Zhang, Xiangpeng Gao, and Hongwei Wu. A Method for the 
Quantification of Alkali and Alkaline Earth Metallic Species in Bioslurry Fuels, 
Energy & Fuels 2013, 27, 6823-6830. 
  
  TABLE OF CONTENTS 
Properties of Bio-oil-Based Fuel Mixtures                             IX                                  
TABLE OF CONTENTS 
Declaration ............................................................................................................... I 
Dedication............................................................................................................…....II 
ABSTRACT ...........................................................................................................III 
ACKNOWLEDGEMENTS .................................................................................. VII 
LIST OF PUBLICATIONS ................................................................................. VIII 
TABLE OF CONTENTS ....................................................................................... IX 
LIST OF FIGURES .............................................................................................XIV 
LIST OF TABLES ...............................................................................................XXI 
CHAPTER 1 INTRODUCTION .............................................................................. 1 
1.1 Background and Motive.................................................................................. 1 
1.2 Scope and Objectives ...................................................................................... 3 
1.3 Thesis Outline ................................................................................................ 4 
CHAPTER 2 LITERATURE REVIEW ................................................................... 6 
2.1 Introduction .................................................................................................... 6 
2.2 Thermochemical Conversion of Biomass ........................................................ 7 
2.2.1 Biomass as a Fuel ..................................................................................... 7 
2.2.2 Thermochemical Conversion Technologies .............................................. 8 
2.2.3 Fast Pyrolysis ........................................................................................... 8 
2.3 Characterization, Direct Combustion and Catalytic Upgrading of Bio-oil ......10 
2.3.1 Chemical Characterization of Bio-oil ......................................................11 
2.3.2 Physicochemical Properties of Bio-oil .....................................................16 
2.3.3 Combustion of Bio-oil for Heat and Power Generation ............................20 
2.3.4 Catalytic Upgrading of Bio-oil to Conventional Transport Fuel ...............21 
2.3.5 Reforming of Bio-oil for Hydrogen or Syngas Production .......................22 
2.4 Utilization of Fast Pyrolysis Biochar..............................................................23 
  TABLE OF CONTENTS 
Properties of Bio-oil-Based Fuel Mixtures                             X                                  
2.5 Characterisation and Fuel Application of Glycerol from Biodiesel Production
 ............................................................................................................................25 
2.5.1 Characterization of Glycerol....................................................................25 
2.5.2 Fuel Application of Glycerol ...................................................................27 
2.6 Recent Advancement in Bio-oil-Based Fuel Mixtures ....................................30 
2.6.1 Bio-oil-Based Slurry Fuel........................................................................30 
2.6.2 Bio-oil-Based Emulsion Fuel ..................................................................32 
2.6.3 Bio-oil-Based Fuel Blends ......................................................................33 
2.7 Conclusions and Research Gaps ....................................................................34 
2.8 Research Objectives of Current Study ............................................................36 
CHAPTER 3 RESEARCH METHODOLOGY AND ANALYTICAL TECHNIQUES
 ...............................................................................................................................38 
3.1 Introduction ...................................................................................................38 
3.2 Methodology .................................................................................................38 
3.2.1 A Method for the Quantification of Alkali and Alkaline Earth Metallic 
(AAEM) Species in Bioslurry Fuels .................................................................40 
3.2.2 Evolution of Fuel Properties and Aging during Bioslurry Storage ...........40 
3.2.3 Leaching Characteristics of Alkali and Alkaline Earth Metallic (AAEM) 
Species from Biochar by Bio-oil Model Compounds ........................................41 
3.2.4 Phase Behaviour and Fuel Properties of Glycerol/Methanol/Bio-Oil Blends
 ........................................................................................................................41 
3.2.5 Effect of Major Impurities in Crude Glycerol on Solubility and Properties of 
Glycerol/Methanol/Bio-oil Blends ...................................................................42 
3.3 Experimental .................................................................................................42 
3.3.1 Sample Preparation .................................................................................42 
3.3.2 Ageing, Leaching and Accelerated Ageing Experiment ...........................44 
3.3.3 Reactor Systems for Pyrolysis Experiment ..............................................45 
  TABLE OF CONTENTS 
Properties of Bio-oil-Based Fuel Mixtures                             XI                                  
3.4 Instruments and Analytical Techniques ..........................................................47 
3.4.1 Proximate and Ultimate Analysis ............................................................47 
3.4.2 Quantification of Alkali and Alkaline Earth Metallic (AAEM) Species ...47 
3.4.3 Rheological Property and Viscosity .........................................................48 
3.4.4 Solid content, Water Content and Acidity ................................................48 
3.4.5 Solubility of Liquid Fuel Blends and Optical Microscopic Analysis ........49 
3.4.6 Surface Tension and Density ...................................................................49 
3.4.7 FTIR and UV-Fluorescence Spectroscopic Analysis ................................50 
3.5 Summary .......................................................................................................50 
CHAPTER 4 A METHOD FOR THE QUANTIFICATION OF ALKALI AND 
ALKALINE EARTH METALLIC SPECIES IN BIOSLURRY FUELS .................51 
4.1 Introduction ...................................................................................................51 
4.2 Evaluation of the Ashing–Digestion–IC Method for Quantifying AAEM Species 
in Bioslurry Fuels ................................................................................................53 
4.3 Design and Development of an Evaporation–Ashing–Digestion–IC Method ..57 
4.4 Application of the Evaporation-Ashing-Digestion-IC Methods in Quantification 
of AAEM Species in Bioslurry Fuels ...................................................................61 
4.5 Further Discussion .........................................................................................65 
4.6 Conclusions ...................................................................................................67 
CHAPTER 5 FUEL PROPERTIES EVOLUTION AND AGEING DURING 
BIOSLURRY STORAGE .......................................................................................68 
5.1 Introduction ...................................................................................................68 
5.2 Evolution of Rheological Characteristics of Bio-oil in Bioslurry during Storage
 ............................................................................................................................69 
5.3 Evolution of Water Content and TAN of Bio-oil in Bioslurry during Storage.73 
5.4 Redistribution of AAEM Species between Biochar and Bio-oil during Bioslurry 
Storage ................................................................................................................76 
  TABLE OF CONTENTS 
Properties of Bio-oil-Based Fuel Mixtures                             XII                                  
5.5 Further Discussion and Practical Implications ................................................80 
5.6 Conclusions ...................................................................................................84 
CHAPTER 6 LEACHING CHARACTERISTICS OF ALKALI AND ALKALINE 
EARTH METALLIC SPECIES FROM BIOCHAR BY BIO-OIL MODEL 
COMPOUNDS .......................................................................................................85 
6.1 Introduction ...................................................................................................85 
6.2 Leaching of AAEM Species from Biochar by Bio-oil Model Compounds ......86 
6.3 Effects of Methanol, Acetone and Phenolic Compounds on the Leaching of 
AAEM Species by Water.....................................................................................90 
6.4 Leaching of AAEM Species from Biochar by Bio-oil Water-Soluble Fraction 
and Further Discussion ........................................................................................96 
6.5 Conclusions ...................................................................................................99 
CHAPTER 7 PHASE BEHAVIOUR AND FUEL PROPERTIES OF 
GLYCEROL/METHANOL/ BIO-OIL BLENDS .................................................. 100 
7.1 Introduction ................................................................................................. 100 
7.2 Phase Behaviour of Glycerol/Methanol/Bio-oil Ternary System .................. 101 
7.3 Fuel Properties and Feasible Range of Glycerol/Methanol/Bio-oil Blends ... 104 
7.4 Accelerated Aging of Glycerol/Methanol/Bio-oil Blends ............................. 108 
7.5 Conclusions ................................................................................................. 114 
CHAPTER 8 EFFECT OF MAJOR IMPURITIES IN CRUDE GLYCEROL ON 
SOLUBILITY AND PROPERTIES OF GLYCEROL/METHANOL/BIO-OIL 
BLENDS .............................................................................................................. 115 
8.1 Introduction ................................................................................................. 115 
8.2 Compositions of Crude Glycerol .................................................................. 116 
8.3 Effect of Major Impurities in Crude Glycerol on the Solubility of 
Glycerol/Methanol/Bio-oil System .................................................................... 122 
  TABLE OF CONTENTS 
Properties of Bio-oil-Based Fuel Mixtures                             XIII                                  
8.4 Effect of Major Impurities in Crude Glycerol on the Fuel Properties of 
Glycerol/Methanol/Bio-oil Blends ..................................................................... 126 
8.5 Solubility and Fuel Properties of Formulated Crude-Glycerol/Methanol/Bio-oil 
System .............................................................................................................. 132 
8.6 Further Discussion and Implications ............................................................ 134 
8.7 Conclusions ................................................................................................. 137 
CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS............................ 139 
9.1 Introduction ................................................................................................. 139 
9.2 Conclusions ................................................................................................. 139 
9.2.1 A Method for the Quantification of Alkali and Alkaline Earth Metallic 
Species in Bioslurry Fuels .............................................................................. 139 
9.2.2 Fuel Properties Evolution and Aging during Bioslurry Storage .............. 140 
9.2.3 Leaching Characteristics of Alkali and Alkaline Earth Metallic Species from 
Biochar by Bio-oil Model Compounds ........................................................... 140 
9.2.4 Phase Behaviour and Fuel Properties of Glycerol/Methanol/Bio-Oil Blends
 ...................................................................................................................... 141 
9.2.5 Effect of Major Impurities in Crude Glycerol on Solubility and Properties of 
Glycerol/Methanol/Bio-oil Blends ................................................................. 142 
9.3 Recommendations ....................................................................................... 142 
REFERENCES ..................................................................................................... 144 
APPENDIX COPYRIGHT PERMISSION STATEMENTS………………………158 
   LIST OF FIGURES 
Properties of Bio-oil-Based Fuel Mixtures                             XIV                                  
LIST OF FIGURES 
Figure 1-1 Thesis map .............................................................................................. 5 
Figure 2-1 Thermochemical conversion of biomass and corresponding products ...... 8 
Figure 2-2 Overall fuel applications of bio-oil ......................................................... 11 
Figure 2-3 Current utilization of glycerol from biodiesel process ............................29 
Figure 3-1 Research methodology and linkage with the research objectives (see 
Section 2.8) to be achieved in this PhD study ..........................................................39 
Figure 3-2 Allocation of bio-oil and biochar samples in this thesis ..........................44 
Figure 3-3 (a) Fluidized bed reactor system and (b) drop-tube/fixed bed reactor system
 ...............................................................................................................................46 
Figure 4-1Thermogravimetric (TG) curve (a) and derivative thermogravimetric (DTG) 
curve (b) of solid residue after evaporating microwave digestion solution of biochar
 ...............................................................................................................................54 
Figure 4-2 Schematic diagram of the evaporation-ashing-digestion-IC method for the 
quantification of AAEM species in bioslurry fuels ..................................................60 
Figure 4-3 Boiling points of major compounds in bio-oil. Data are taken from Branca 
et al. ........................................................................................................................60 
Figure 4-4 Design of five different progressive evaporation programs used in the 
evaporation-ashing-digestion-IC method .................................................................61 
Figure 4-5 Concentration of (a) Na, (b) K, (c) Mg, and (d) Ca in the bio-oil quantified 
using the evaporation-ashing-digestion-IC method with five different evaporation 
programs .................................................................................................................62 
Figure 4-6 Concentrations of Na, K, Mg, and Ca in the bioslurry fuels quantified by the 
evaporation-ashing-digestion-IC method with 5 different evaporation programs for 
bioslurry prepared from bio-oil A with biochar loading of 5 wt% (panels a-d), 10 wt% 
   LIST OF FIGURES 
Properties of Bio-oil-Based Fuel Mixtures                             XV                                  
(panels e-h), and 20 wt% (panel i-l) and bioslurry prepared from bio-oil B with biochar 
loading of 10 wt% (panels m-p) ..............................................................................64 
Figure 4-7 Comparison of measured and estimated values of AAEM concentration in 
bioslurry fuels quantified by the evaporation-ashing-digestion-IC method with 
program 4 ...............................................................................................................65 
Figure 5-1 Shear stress and apparent viscosity of bio-oil samples as a function of shear 
rate. Bioslurry A and Bioslurry B, both of which have a 10 wt% biochar, were prepared 
from bio-oil A and bio-oil B, respectively. The data for the blank bio-oil samples are 
presented in the same panel with the bio-oil separated from bioslurry samples (panel a 
and b for bio-oil A; panel c and d for bio-oil B). Only the bio-oil blanks stored for 29 
days are presented here ...........................................................................................71 
Figure 5-2 Thixotropic behaviour of bio-oil samples. Bioslurry A and Bioslurry B, 
both of which have a 10 wt% biochar, were prepared from bio-oil A and bio-oil B, 
respectively. The data for blank bio-oil samples are presented in the same panel with 
the bio-oil phases separated from bioslurry samples (panel a for bio-oil A; panel b for 
bio-oil B). Only the bio-oil blanks stored for 29 days are presented here .................72 
Figure 5-3 Evolution of viscosity of bio-oil during bioslurry storage. Bioslurry A and 
Bioslurry B, both of which have a 10 wt% biochar, were prepared from bio-oil A and 
bio-oil B, respectively. The data for the blank bio-oil samples are presented in the same 
panel with the bio-oil separated from bioslurry samples (panel a for bio-oil A; panel b 
for bio-oil B) ...........................................................................................................72 
Figure 5-4 Evolution of water content of bio-oil during bioslurry storage. Bioslurry A 
and Bioslurry B, both of which have 10 wt% biochar, were prepared from bio-oil A 
and bio-oil B, respectively. The data for the blank bio-oil samples are presented in the 
same panel with the bio-oil separated from bioslurry samples (panel a for bio-oil A; 
panel b for bio-oil B)...............................................................................................73 
Figure 5-5 Evolution of TAN of bio-oil during bioslurry storage. Bioslurry A and 
   LIST OF FIGURES 
Properties of Bio-oil-Based Fuel Mixtures                             XVI                                  
Bioslurry B, both of which have a 10 wt% biochar, were prepared from bio-oil A and 
bio-oil B, respectively. The data for the blank bio-oil samples are presented in the same 
panel with the bio-oil separated from bioslurry samples (panel a for bio-oil A; panel b 
for bio-oil B) ...........................................................................................................74 
Figure 5-6 Percentage of AAEM species leached from biochar after the storage of 
bioslurry samples for 29 days. Bio-oil A and Bio-oil B in the legends indicate the data 
for bioslurry A and bioslurry B samples, both of which have a biochar loading level of 
10% (based on weight) and were prepared from bio-oil A and bio-oil B, respectively
 ...............................................................................................................................77 
Figure 5-7 Evolution of the concentrations of AAEM species in the bio-oil phase 
during bioslurry storage. Bioslurry A and bioslurry B, both of which have 10% biochar 
(based on weight), were prepared from bio-oil A and bio-oil B respectively. The data 
for the blank bio-oil samples are presented in the same panel with those for the bio-oil 
phase separated from bioslurry fuels. Panels a–d are for Na, K, Mg and Ca in bio-oil A 
and panels e–h are for Na, K, Mg and Ca in bio-oil B, respectively .........................78 
Figure 5-8 Plot of -ln(C/C0) as a function of the storage time, with panels a–d for Na, K, 
Mg and Ca in the bio-oil separated from bioslurry A with 10 wt% biochar; and panels 
e–h for Na, K, Mg and Ca in the bio-oil separated from bioslurry B with 10 wt% 
biochar. Bioslurry A and bioslurry B were prepared from bio-oil A and bio-oil B, 
respectively .............................................................................................................79 
Figure 5-9 Concentrations of AAEM species in the bio-oil phase as a function of 
biochar to bio-oil ratio (biochar/bio-oil, based on weight) in bioslurry prepared from 
bio-oil A. A biochar to bio-oil ratio of zero represents the blank bio-oil sample .......81 
Figure 5-10 Distribution of Na, K, Mg and Ca between biochar and bio-oil phase 
within bioslurry samples prepared from bio-oil A at various biochar loading levels of 5, 
10, 15 and 20% (based on weight). Legend: 0D, after storage for 0 day; 29D, after 
storage for 29 days ..................................................................................................82 
   LIST OF FIGURES 
Properties of Bio-oil-Based Fuel Mixtures                             XVII                                  
Figure 5-11 Viscosity, water content and TAN of bio-oil phase as a function of the 
biochar/bio-oil ratio (based on weight) in bioslurry prepared from bio-oil A (after 
storage for 29 days) .................................................................................................83 
Figure 6-1 Percentage of AAEM species leached from biochar by several bio-oil 
model compounds. The concentration of acid solutions is 0.01M ............................87 
Figure 6-2 Percentage of Na and K species leached by methanol from raw, water–
washed and 0.01M acetic acid solution–washed biochars ........................................89 
Figure 6-3 UV–fluorescence spectra of leachates of (a) bio-oil model compounds and 
(b) water–organic mixtures. The ratio 2:1 represents mass ratio of water to organic in 
the mixture ..............................................................................................................90 
Figure 6-4 Percentage of AAEM species leached from biochar by water and water–
methanol (and/or) –acetone mixtures. The ratio in parenthesis represents the mass ratio 
of water/organic in the mixture outside of the parenthesis .......................................93 
Figure 6-5 Percentage of AAEM species leached from biochar by phenol solutions and 
guaiacol solutions. The concentration of acid solutions is 0.01M .............................95 
Figure 6-6 UV–fluorescence spectra of blank and leachate of (a) phenol solution and 
guaiacol solution and (b) bio-oil and bio-oil water soluble fraction (referred to as 
“bio-oil WSF”). Bio-oil samples were diluted in methanol at 4 ppm to avoid 
self-absorption; phenol solution and guaiacol solution were diluted in water at 
concentration of ~0.25 wt% to avoid flat top on the instrument ...............................95 
Figure 6-7 Percentage of AAEM species leached from biochar by bio-oil water soluble 
fractions bench against that by bio-oil and water. Bio-oil WSF 29 and bio-oil WSF 40 
represent bio-oil water soluble fraction with liquid to biochar ratio of 29:1 and 40:1 
respectively .............................................................................................................96 
Figure 7-1 Phase diagram of glycerol/methanol/bio-oil ternary system (based on wt %)
 ............................................................................................................................. 102 
Figure 7-2 Schematic diagrams illustrating the possible solubility mechanism of (a) 
   LIST OF FIGURES 
Properties of Bio-oil-Based Fuel Mixtures                             XVIII                                  
binary glycerol/bio-oil system without methanol addition and (b) ternary 
glycerol/methanol/bio-oil system .......................................................................... 103 
Figure 7-3 Representative microscopic photographs of a glycerol/bio-oil mixture 
before and after methanol addition. Panel (a) is for a glycerol/bio-oil blend with 
composition (base on wt %) of 78.8 % bio-oil and 21.2% glycerol. Panel (b) is for a 
glycerol/methanol/bio-oil blend with composition (base on wt %) of 70.7% of bio-oil, 
19.0% of glycerol and 10.3% of methanol ............................................................. 104 
Figure 7-4 Potential feasible range (based on wt %) of glycerol/methanol/bio-oil blend. 
Lines 1, 2, and 3 represent blends with fixed glycerol-to-methanol ratios of 0.5:1, 
1.25:1, and 2:1 respectively. Line 4 represents blends with fixed methanol percentage 
of 10%. The numbers 1−6 represents the fuel blends (Blend 1−6) on the phase 
conversion line selected for analysis in section 7.3. The numbers 7and 8 represent 
Blend 7 and Blend 8 selected from the feasible range for accelerated ageing tests in 
section 7.4............................................................................................................. 104 
Figure 7-5 Shear stress and viscosity of two glycerol/methanol/bio-oil blends as a 
function of shear rate (at 25 °C). Blend 7 is a glycerol/methanol/bio-oil blend with 
composition (based on weight) of 7.5% glycerol, 4.8% methanol and 87.7% bio-oil. 
Blend 8 is a glycerol/methanol/bio-oil blend with composition (based on weight) of 
14.6% glycerol, 9.9% methanol and 75.5% bio-oil. Aging test was conducted at 80 °C 
for 24 h ................................................................................................................. 109 
Figure 7-6 Changes in viscosity (a), water content (b) and TAN (c) of two 
glycerol/methanol/bio-oil blends before and after aging. Blend 7 is a 
glycerol/methanol/bio-oil blend with composition (based on weight) of 7.5% glycerol, 
4.8% methanol and 87.7% bio-oil. Blend 8 is a glycerol/methanol/bio-oil blend with 
composition (based on weight) of 14.6% glycerol, 9.9% methanol and 75.5% bio-oil. 
Aging test was conducted at 80 °C for 24 h ........................................................... 110 
Figure 7-7 FTIR spectra (a) and peak height ratio (b) of two glycerol/methanol/bio-oil 
   LIST OF FIGURES 
Properties of Bio-oil-Based Fuel Mixtures                             XIX                                  
blends before and after aging, benchmarking against those of the blank bio-oil. In 
Panel (a), the FTIR spectra are for (A) blank bio-oil, (B) blend 7 before aging, (C) 
blend 7 after aging, (D) blend 8 before aging and (E) blend 8 after aging, respectively. 
Blend 7 is a glycerol/methanol/bio-oil blend with composition (based on weight) of 
7.5% glycerol, 4.8% methanol and 87.7% bio-oil. Blend 8 is a 
glycerol/methanol/bio-oil blend with composition (based on weight) of 14.6% 
glycerol, 9.9% methanol and 75.5% bio-oil. Aging test was conducted at 80 °C for 24 
h ........................................................................................................................... 113 
Figure 8-1 Typical biodiesel production processes: (a) the PSMR and PSMR-N 
processes; (b) the MRPS process. PSMR: (biodiesel/glycerol) phase separation before 
methanol recovery; PSMR-N: phase separation (biodiesel/glycerol) before methanol 
recovery with neutralization; MPRS: methanol recovery before (biodiesel/glycerol) 
phase separation .................................................................................................... 118 
Figure 8-2 Solubility of impurity-containing glycerol in bio-oil: (a) water, (b) soap, (c) 
NaCl and (d) NaOH. GW5, GW15 and GW35: glycerol–water mixtures with water 
contents of 5, 15 and 35 wt% respectively; GS5 and GS20: glycerol–soap mixtures 
with soap contents of 5 and 20 wt% respectively; GW15NaCl2 and GW15NaCl6: 
aqueous glycerol solution GW15 with NaCl contents of 2 and 6 wt% respectively; 
GW35NaOH2 and GW35NaOH10: aqueous glycerol solution GW35 with NaOH 
contents of 2 and 10 wt% respectively .................................................................. 124 
Figure 8-3 Water to bio-oil ratio (a) and soap to bio-oil ratio (b) of impurity-containing 
glycerol/bio-oil fuel mixtures as a function of impurity-containing glycerol to bio-oil 
ratio used for preparing the fuel the mixtures. GW5 and GW35: glycerol–water 
mixtures with water contents of 5 and 35 wt% respectively. GS5 and GS20: glycerol–
soap mixtures with soap contents of 5 and 20 wt% respectively ............................ 125 
Figure 8-4 Microscope picture of a GS5/methanol/bio-oil blend with a soap to bio-oil 
ratio over 0.01. GS5: glycerol–soap mixture with soap content of 5 wt% .............. 125 
   LIST OF FIGURES 
Properties of Bio-oil-Based Fuel Mixtures                             XX                                  
Figure 8-5 Shear stress and viscosity of selected fuel blends as a function of shear rate. 
G/M/B, GW5/M/B, GS5/M/B, GW15NaCl2/M/B, GW35NaOH2/M/B, FCG1-1/M/B, 
FCG1-2/M/B, FCG2/M/B, FCG3-1/M/B and FCG3-2/M/B: fuel blends consist of 4.6 
wt% glycerol (G), 7.0 wt% methanol (M), plus 88.4 wt% bio-oil (B), GW5, GS5, 
GW15NaCl2, GW35NaOH2, FCG1-1, FCG1-2, FCG2, FCG3-1 or FCG3-2, 
respectively. GW5: glycerol–water mixtures with water contents of 5 wt%; GS5: 
glycerol–soap mixtures with soap contents of 5 wt%; GW15NaCl2: aqueous glycerol 
solution GW15 with NaCl contents of 2 wt%; GW35NaOH2: aqueous glycerol 
solution GW35 with NaOH contents of 2 wt%; FCG: formulated crude glycerol .. 127 
Figure 8-6 Changes in viscosity, water content and TAN of selected fuel blends before 
and after ageing. G/M/B, GW5/M/B, GW35/M/B, GS5/M/B, GS20/M/B, 
GW15NaCl2/M/B, GW15NaCl6/M/B,  GW35NaOH2/M/B, GW35NaOH10/M/B, 
FCG1-1/M/B, FCG1-2/M/B, FCG2/M/B, FCG3-1/M/B and FCG3-2/M/B: fuel blends 
consist of 4.6 wt% glycerol (G), 7.0 wt% methanol (M), plus 88.4 wt% bio-oil (B), 
GW5, GW15, GW35,GS5, GS20, GW15NaCl2, GW15NaCl6, GW35NaOH2, 
GW35NaOH10, FCG1-1, FCG1-2, FCG2, FCG3-1 or FCG3-2, respectively; GW5, 
GW15 and GW35: glycerol–water mixtures with water contents of 5, 15 and 35 wt% 
respectively; GS5 and GS20: glycerol–soap mixtures with soap contents of 5 and 20 
wt% respectively; GW15NaCl2 and GW15NaCl6: aqueous glycerol solution GW15 
with NaCl contents of 2 and 6 wt% respectively; GW35NaOH2 and GW35NaOH10: 
aqueous glycerol solution GW35 with NaOH contents of 2 and 10 wt% respectively; 
FCG: formulated crude glycerol ............................................................................ 128 
Figure 8-7 Solubility of formulated crude glycerol (FCG)/methanol/bio-oil system. 
Line 1 and Line 2 represent fuel blends with FCG to methanol ratio of 1:1 and 1:1.5 
respectively ........................................................................................................... 133 
Figure 8-8 A proposed strategy for integrating the crude-glycerol/bio-oil blending 
process into the existing biodiesel production process ........................................... 137 
   LIST OF TABLES 
Properties of Bio-oil-Based Fuel Mixtures                             XXI                                  
LIST OF TABLES 
Table 2-1 Typical properties of wood bio-oil and heavy fuel oil ..............................10 
Table 2-2 Some methods for quantification of inorganic species in biofuels ............13 
Table 2-3 Advantages and drawbacks of two pre-treatment methods .......................14 
Table 2-4 Typical abundance of major organic compounds in bio-oil and possible 
reactions during storage ..........................................................................................15 
Table 2-5 Typical absorption bands in FTIR spectra of bio-oil and corresponding 
function groups .......................................................................................................16 
Table 2-6 Some characteristics of bio-oil with possible causes and effects ...............17 
Table 2-7 Comparison of three catalytic upgrading techniques of bio-oil .................23 
Table 2-8 Composition of some glycerol from biodiesel production process ............26 
Table 2-9 Fuel properties of pure glycerol ...............................................................27 
Table 4-1 Properties of the bio-oil and biochar used in Chapter 4 ............................53 
Table 4-2 Concentrations of the AAEM species in biochar, bio-oil and bioslurry fuels 
by different quantification methods .........................................................................56 
Table 4-3 Limitations of quantification (LOQ) for the microwave-ICP and 
evaporation–ashing–digestion–IC methods .............................................................66 





Table 7-1 Properties of the bio-oil, glycerol and methanol used in Chapter 7 ......... 101 
Table 7-2 Fuel properties of selected fuel blends with compositions located on phase 
conversion line (wt %, glycerol/methanol/bio-oil) ................................................. 105 
Table 8-1 Properties of the bio-oil used in Chapter 8 ............................................. 116 
   LIST OF TABLES 
Properties of Bio-oil-Based Fuel Mixtures                             XXII                                  
Table 8-2 Key considerations for formulating the compositions of crude glycerol . 120 
Table 8-3 Compositions (wt%) of series of impurity-containing glycerol used in this 
study ..................................................................................................................... 121 
Table 8-4 Fuel properties of selected fuel blends ................................................... 131 
Table 8-5 Sodium content (ppm) in formulated crude glycerol (FCG), FCG with 60 wt% 
methanol and blends with 4.6 wt% FCG, 7.0 wt% methanol and 88.4 wt% bio-oil 
 ............................................................................................................................. 136 
  CHAPTER 1 
Properties of Bio-oil-Based Fuel Mixtures  1 
CHAPTER 1 INTRODUCTION 
1.1 Background and Motive  
As the primary energy source worldwide, fossil fuels are finite and the use of such 
fuels can significantly contribute to global warming and other environmental issues 
due to various emissions including carbon dioxide, sulphur dioxide and other 
pollutants.
1
 Therefore, alternative energy sources are of critical importance to future 
sustainable development. Biomass, which can be a renewable and carbon neutral 
source depending on its production process, has attracted increasingly attention and 
is recognized as an important candidate for substituting fossil fuels to address the 
related adverse environmental issues.
2
 However, the application of biomass has been 
limited due to several undesired fuel characteristics of biomass (e.g., bulky nature 
and poor grindability).  
Biomass pyrolysis, particularly biomass fast pyrolysis, is widely accepted to be an 
important technology for converting the bulky and poor grindable biomass into high 
volumetric energy density bio-oil and biochar products.
3-6
 Substantial research and 
development have been carried out on comprehensive characterization and 
application of bio-oil.
7-19
 As a fuel, bio-oil suffers from undesirable properties such 
as high water content, high acidity and poor stability.
20-22
 Bio-oil may be upgraded 
and/or refined to produce liquid transport fuels, potentially taking advantage of the 
vast existing infrastructure for conventional petroleum refinery.
7-16
 There are various 
pathways for bio-oil upgrading.
7-16
 One near term application is production of 
bioslurry via suspending fine biochar particles in bio-oil, which was initially 
attempted by commercial developers (e.g., Karlsruhe
23
). Such a concept not only 
enhances the energy density of bio-oil, but also addresses the issues related to fine 
biochar particle transportation and storage.
24
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Bioslurry fuels were investigated in previous studies, including understanding the 
rheological properties and other fuel properties (e.g., viscosity, surface tension and 
static stability) of bioslurry freshly prepared from biochar and bio-oil/bio-oil 
fraction.
25-28
 However, there is still considerable scope for research into bioslurry 
fuels. For example, it is known that bio-oil is prone to ageing during storage and such 
ageing process may be accelerated by inherent catalysts (particularly alkali and 
alkaline earth metallic (AAEM) species).
29-35
 It would be of great importance to 
investigate the long term stability or ageing of bioslurry fuels. In addition, there is 
also a lack of fundamental understanding on the distribution of AAEM species in 
bioslurry fuels. This is essential to bioslurry applications, considering the significant 
role of AAEM species in thermochemical processing of various fuels,
36-38
 high 
retentions of AAEM species in bioslurry,
35,39
and acidic nature of bio-oil.
18,22
 Yet, thus 
far, little has been done on these important respects. 
Biodiesel is another promising alternative fuel to substitute petroleum diesel.
40-42
 The 
global production of biodiesel has been growing rapidly in recently years due to the 
easy adaptability of biodiesel in diesel engine and government supports.
43,44
 The 
rapid growth of biodiesel industry has resulted in a huge stockpile of glycerol as 
by-product.
43,45
 Proper utilization of such a by-product is of great importance 
because disposal of glycerol as waste is neither economic nor environmentally 
friendly.
45-47
 Crude glycerol from biodiesel production process usually contains 
various impurities and therefore is of low market value.
48-50
 Purification is an 
expensive process and lack of capability to accommodate large quantity of crude 
glycerol.
43
 Alternatively, combustion or gasification can be promising pathways for 
glycerol or crude glycerol utilization for energy production. However, high viscosity 
of glycerol and high content of certain impurities may cause some difficulties in 
combustion/gasification application of glycerol.
51,52 
One possible solution to mitigate 
the problems associated with glycerol alone as a fuel is to mix glycerol with other 
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fuels. Even though mixing glycerol with yellow grease or fuel oil has been attempted, 
difficulties in maintaining homogeneous fuel blends due to the large immiscibility of 
glycerol and grease/fuel oils have limited the application of the obtained fuel 
blends.
47,53
 Therefore, there is a great need to develop fuel blends with alternative 
fuels. Bio-oil containing both polar and nonpolar compounds
54
 seems to be a 
prospective candidate for blending with glycerol. Such application may be integrated 
into biodiesel production process to enhance the value chain, if impurities in crude 
glycerol can be tolerated in the blending process. However, there is little information 
on the solubility of glycerol in bio-oil and the influence of impurities in crude 
glycerol on the solubility of such a system.   
1.2 Scope and Objectives   
The present study aims to fundamentally investigate properties of two bio-oil-based 
fuel mixtures. The detailed objectives of this study are: 
(1) To develop a method for quantification of AAEM species in bio-oil and 
bioslurry fuels; 
(2) To evaluate the changes in fuel properties and the distribution of AAEM species 
in the bio-oil and biochar phases during bioslurry storage; 
(3) To understand the leaching characteristics of biochar by bio-oil model 
compounds and water soluble fraction of bio-oil; 
(4) To produce and characterize fuel blends from bio-oil and glycerol; 
(5) To access the feasibility of blending bio-oil with crude glycerol via fundamental 
research into the effect of impurities in crude glycerol on the solubility and fuel 
properties of glycerol/bio-oil blends.  
  CHAPTER 1 
Properties of Bio-oil-Based Fuel Mixtures  4 
1.3 Thesis Outline 
There are a total of 9 chapters in this thesis (including this chapter) as listed below. 
The thesis structure is schematically shown in the thesis map (see Figure 1-1). 
□ Chapter 1 introduces the background and objectives of the current research; 
□ Chapter 2 reviews the up-to-date literatures on the significance of 
thermochemical conversion of biomass, properties and applications of bio-oil, 
utilization of biochar and glycerol and recent advancement in bio-oil-based fuel 
mixtures, finally leading to the identification of existing research gaps and 
specific objectives of the present study; 
□ Chapter 3 summarizes the research methodology and techniques employed to 
achieve the research objectives, together with detailed explanations of the 
experimental equipment, analytical instruments and samples used; 
□ Chapter 4 examines three different methods for determining the contents of 
AAEM species in biochar, bio-oil and bioslurry fuels, and further develops a 
suitable method for quantifying AAEM species in bio-oil and bioslurry;  
□ Chapter 5 investigates the evolution in fuel properties and the ageing of bioslurry 
fuels during storage; 
□ Chapter 6 reports a fundamental investigation into the distribution of AAEM 
species in a bioslurry system via the leaching of biochar using bio-oil model 
compounds; 
□ Chapter 7 accesses the possibility of blending glycerol into bio-oil with the aid 
of methanol and characterizes the fuel properties of the obtained fuel blends; 
□ Chapter 8 demonstrates the influence of major impurities in crude glycerol on 
the solubility and properties of glycerol/methanol/bio-oil fuel blends; 
□ Chapter 9 draws the major conclusions from the present study and also lists the 
recommended future work.
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CHAPTER 2 LITERATURE REVIEW 
2.1 Introduction  
The past two decades witnessed substantial research efforts dedicated to the 
development of clean and sustainable energy and fuel technologies.
2,55
 Biofuels 
derived from renewable biomass have attracted extensive research interests.
56,57,60,61
 
Bio-oil from biomass pyrolysis and biodiesel from transesterification of vegetable oil 
or fat are recognized as prospective liquids to replace part of petroleum-derived 
fuels.
40-42,58,59
 Utilization of the by-products (i.e. biochar or crude glycerol) is 




There have been extensive studies on biodiesel (including production and 
utilisation),
61-63
 and bio-oil from biomass pyrolysis (including production, property 
characterization, application and upgrading techniques).
18,21,64
  Meanwhile, 
investigations were also carried out on various pathways for utilization of the 
by-products (biochar and glycerol).
43,51,65
 The objective of this chapter is to review 
the properties and utilization of bio-oil, biochar and glycerol. The review starts with 
the importance of thermochemical conversion of biomass, especially fast pyrolysis 
technology, and then moves to the chemical/physical characterization and catalytic 
upgrading of bio-oil for fuel application, followed by discussion on challenges in 
utilization of biochar and glycerol. A brief summary is also given on the recent 
advancement in bio-oil-based fuel mixtures. This chapter concludes with the 
identified research gaps and the scope of this PhD thesis.      
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2.2 Thermochemical Conversion of Biomass 
2.2.1 Biomass as a Fuel  
Fossil fuels are finite and the use of these fuels leads to adverse environmental 
impacts. Therefore, biomass has become an important alternative energy source. 
Biomass refers to all organic materials that stem from plants (including woody plants, 
herbaceous plants/grasses and aquatic plants) and animal, human and industrial 
wastes.
66,67
 Consumption of biomass as a fuel source has been growing rapidly 
worldwide.
55
 For example, in European Union, the average growth rate of biomass 
usage is about 2.5% per year over the last decade.
2
 By 2050, the demand for biomass 
source is expected to increase three-fold of the current biomass demand.
68
   
Traditional utilisation of biomass is for heat application, and energy production from 
such application of biomass accounted for 18% of total global energy used for 
heating in 2011.
69
 As a fuel, biomass has its advantages in being renewable, 
potentially carbon neutral and relatively cheap.
67
 However, practical application of 
biomass is limited by some of its undesirable properties. For instance, biomass has 
lower heating value than conventional fossil fuels due to its high moisture content and 
particular chemical composition (i.e. low carbon and high oxygen).
55,66
 The bulky and 
fibrous nature gives biomass a poor grindability, thereby adversely affecting plant 
milling cost, feeding process and handling operations.
70
 The poor grindability of 
biomass also results in production of large biomass particles with low bulk and 
volumetric energy density, thereby increasing transportation and storage costs.
71
 
Biomass fuel is also heterogeneous so that knowledge on individual biomass 
component is required for handling the fuel mixture with flexibility.  
Biomass may be thermochemically or biochemically converted to other densified fuels 
that may mitigate the undesired features associated with biomass as a direct fuel.
72
 In 
comparison to biochemical process, thermochemical conversion of biomass is 
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considered to have broader prospects due to its shorter reaction time and stronger 
capability to break down organic structures of biomass.
55,73,74
  
2.2.2 Thermochemical Conversion Technologies  
Thermochemical conversion processes mainly include pyrolysis, combustion, 
gasification and liquefaction.
72,75
 As shown in Figure 2-1, combustion application 
generally aims at heat generation, while gasification (a partial combustion process) of 
biomass produces valuable fuel gases that can then be used in turbines or transport 
fuel synthesis.
55,75,76
 Liquid products can be obtained from both pyrolysis and 
liquefaction of biomass. However, process conditions of these two techniques differ 
significantly in terms of temperature, pressure, feedstock requirements and catalysts.
58
 
Comparatively, pyrolysis technology is more promising due to low capital and 
operating costs.
58
 Pyrolysis can be categorised into slow pyrolysis, which is 
commonly used for production of charcoal or biochar, and fast pyrolysis that primarily 
targets for liquid product (bio-oil).
55,77,78
 Recent research on biomass pyrolysis has 











Figure 2-1 Thermochemical conversion of biomass and corresponding products
75
 
2.2.3 Fast Pyrolysis 
Fast pyrolysis is a promising technology that converts bulky biomass into 
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high-energy-density bio-oil and biochar products.
3-6
 The key features of fast pyrolysis 
are summarized as follows:  
 High heating and heat transfer rate at the biomass particle reaction 
interface.
64
 This can be achieved by optimizing reactor configuration or using 
small biomass particles. Typical fast pyrolysis reactors include fluidised bed 
reactor, ablative reactor, entrained flow reactor and vacuum reactor.
86,87
 
Fluidised bed reactor is most popular due to its easy operation and scale-up 




 Controlled pyrolysis temperature. Biomass pyrolysis for bio-oil production 
typically operates at 425–600 ˚C.
54
 For most woody biomass, the optimal 
temperature for fast pyrolysis is ~500˚C to maximise bio-oil yield;
75
 
 Short residence time of hot vapour in reactor. Long residence time ( >2 s) 
can result in significant reduction in bio-oil yield due to bio-oil cracking 
reactions that can take place under the conditions;
75
 
 Rapid cooling of pyrolysis vapours for bio-oil collection. The pyrolysis 
vapour is usually composed of true vapour, aerosol and non-condensable gas.
88
 
A series of condensers with cooling agents and/or electrostatic precipitation 
can be equipped to capture pyrolysis vapours.
64,88,89
 The non-condensable gas 
is often recycled to provide heat required in the production process.
90
   
A number of pilot or even commercial scale plants for biomass fast pyrolysis have 
been operating in North America and Europe.
75
 Although fast pyrolysis can process 
various types of biomass, wood is the most commonly used feedstock in large scale 
productions.
75
 In addition, there are also extensive investigations into fast pyrolysis 
of other biomass source including bark, agricultural residue, and algae, etc.
32,91,92
 It is 
worth noting that algae is a valuable biomass source for biofuel production in the 
future due to its fast growth rate and low demand for water.
57
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2.3 Characterization, Direct Combustion and Catalytic Upgrading of Bio-oil 
Bio-oil, also known as pyrolysis oil or bio-crude,
93
 is regarded as a promising 
substitute for crude oil.
60, 61
 However, the chemical composition and physiochemical 
properties of bio-oil are different from that of petroleum oil. Typical properties of 
wood bio-oil and heavy fuel oil are listed in Table 2-1. As bio-oil properties are 
strongly dependent on chemical composition,
94
 this section firstly reviews the 
chemical characterisation of bio-oil. While bio-oil can be used as feedstock for 
chemical production,
18
 this section only reviews bio-oil for fuel applications. The key 
aspects include bio-oil combustion for heat or power generation, catalytic upgrading 
of bio-oil to transport fuels and reforming of bio-oil for hydrogen or syngas 
production. Physical upgrading of bio-oil via mixing with another fuel will be 
reviewed in section 2.6. Overall fuel applications of bio-oil are illustrated in Figure 
2-2 and discussed in Section 2.3.3–2.3.5. 
Table 2-1 Typical properties of wood bio-oil and heavy fuel oil
18
 
Property Bio-oil Heavy fuel oil 
elemental composition, wt%   
C 54.0–58.0 85.0 
H 5.5–7.0 11.0 
O 35.0–40.0 1.0 
N 0.0–0.2 0.3 
water content, wt% 15.0–30.0 0.1 
solids, wt% 0.2–1.0 1.0 
ash, wt% 0.0–0.2 0.1 
pH 2.5  
density, g/cm
3
 1.20 0.94 
HHV, MJ/kg 16–19 40 
viscosity (cP @ 50 °C) 40–100 180 
distillation residue, wt% up to 50 1 
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Figure 2-2 Overall fuel applications of bio-oil 
2.3.1 Chemical Characterization of Bio-oil 
The chemical composition of bio-oil varies significantly, depending on biomass 
composition (e.g., cellulose, hemicellulose or lignin), pre-treatment (e.g., water or ash 
content, and particle size), pyrolysis conditions (e.g., temperature, residence time and 
heating rate) and post treatment (e.g., filtration and condensation), etc.
19
 Generally, 
bio-oil is a complex mixture composed of hundreds of organic compounds, water and 
solid particles.
22
 This subsection discusses the elemental composition, organic 
composition and their respective characterization methods as follows. 
Ultimate Analysis 
The major elements in bio-oil are C, H and O, while N, S and metallic elements may 
present in small quantities.
95,96
 Unlike mineral hydrocarbons, bio-oil has a high 
oxygen content in a range of 35–60% (wet basis).
22
 The oxygen is mainly distributed 
in water but also present in majority of organic compounds in bio-oil.
22
 The presence 
of numerous oxygen-containing compounds in bio-oil is responsible for many 
problems associated with bio-oil handling and utilization.
96,97
 Elimination of oxygen 
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in bio-oil by catalytic upgrading is therefore an important topic (that will be reviewed 
in section 2.3.4). Direct determination of oxygen content in bio-oil is technically 
challenging
98
 but oxygen content can be estimated by difference considering the 
content of C, H, and N (or plus S).
95
 Determination of CHN is usually carried out using 
an elemental analyser according to ASTM D 5291-92.
95
 Analysis of S can be 
accomplished by capillary electrophoresis technique after oxygen bomb combustion 
of samples according to ASTM D 4239 or by inductively coupled plasma (ICP) 




Bio-oil contains various inorganic species, particularly alkali and alkaline earth 
metallic (AAEM) species that can be present in bio-oil at relatively high 
concentrations.
95
 These inorganic species can lead to noxious ash-related issues 
during thermochemical processes
37
 and also act as potential catalysts for bio-oil 
ageing.
34
 Table 2-2 summarises some methods for quantification of inorganic species 
in biofuels. Basically, the determination method consists of two steps, including 
pre-treatment that brings samples into solution and analytical measurement that gives 
element concentration in the solution.
99
 Pre-treatment of bio-oil samples before 
instrumental analysis is a crucial step for accurate quantification of the inorganic 
species. Commonly used pre-treatment methods include wet digestion (including 
microwave digestion) and ashing followed by acid digestion (referred to as “ashing–
acid digestion”). The advantages and drawbacks of wet digestion and ashing–acid 
digestion are listed in Table 2-3. Overall, ashing–acid digestion method seems to be a 
readily available approach, but proper temperature program to minimize volatile loss 
is warranted for further study, especially for determining inorganic species in liquid 
fuels. It is within the scope of this PhD study to modify the existing ashing–digestion 
method for quantification of inorganic (especially AAEM) species in bio-oil and 
bio-oil-based fuels. 
  CHAPTER 2 
Properties of Bio-oil-Based Fuel Mixtures  13 
Table 2-2 Some methods for quantification of inorganic species in biofuels 











bioslurry    
wet digestion using HNO3–HClO4 acid 
solution at 150 °C, then the digested residue 








combustion in TGA at 600 °C followed by acid 
digestion using hot acid mixture of HF–HNO3; 







   
Biochar microwave digestion using H2O2–HF–HNO3 










combustion at 500 °C for biomass and bio-oil, 
at 710 °C for biochar; then the ash was 
dissolved in HCl solution and the undissolved 
residue was burned off at 500 °C and 700 °C 
for solid fuel and bio-oil respectively; then the 
residue was dissolved in HF solution. HCl–HF 






Bio-oil microwave digestion using HNO3–H2O2 acid 






Biomass dried at 80 °C followed by acid digestion using 
HNO3–HClO4 solution at room temperature 
for 2h then HCl solution was added and the 






bio-oil ashing based on ASTM D482, then acid 
digestion using HNO3–HCl solution and 





   
bio-oil, 
biochar 
acid digestion using HNO3–HCl;or fusion 








bio-oil temperature-controlled ashing followed by 






   




ICP–AES: inductively coupled plasma–atomic emission spectroscopy; IC: ion chromatography; AAS: 
atomic absorption spectroscopy; TGA: thermogravimetric analyser; MSA: methanesulphonic acid 
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Table 2-3 Advantages and drawbacks of two pre-treatment methods
99
 
Method  Pros  Cons  
wet digestion low volatiles loss due to the 
low treatment temperature 
labor intensive;  
high background contribution; 
special equipment required for 
refluxing the acids mixture 
ashing–acid 
digestion 
ability to handle large quantity 
of sample without intensively 
increasing treatment time 
loss of volatiles as high 
temperature is used for ashing 
 
Organic Composition 
The organic composition of bio-oil is poorly defined. Even though over 400 organic 
compounds have been identified in bio-oil,
34
 there are still ~15 wt% of bio-oil 
components that cannot be detected by the current analytical techniques.
107,108
 The 
organic compounds in bio-oil can be classified into carboxylic acids, alcohols, 
aldehydes, ketones, furans, sugars and phenolic compounds etc.
19,34
 Major organic 
compounds identified in bio-oil are listed in Table 2-4.  
Gas chromatography coupled with mass spectrometry (GC/MS) is widely used for 
characterization of volatile organic compounds in bio-oil. In compensation to GC, 
high performance liquid chromatography (HPLC) can be employed to separate part 
of the non-volatile compounds in bio-oil for detection. Fourier transform infrared 
spectroscopy (FTIR) is often used for characterizing functional groups of bio-oil, 
which can be applied for monitoring chemical reactions occurred during bio-oil 
ageing.
33
 Table 2-5 shows some commonly identified absorption bands in FTIR 
spectra of bio-oil and corresponding function groups. In addition, in order to obtain 
more detailed information from the instrumental analysis, fractionation of bio-oil by 
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Table 2-4 Typical abundance of major organic compounds in bio-oil
19,32,34,64,109
 and 
possible reactions during storage
34
 
Major components Abundance wt% Reactions 
carboxylic acids 4–15  
formic acid 0.3–9.1 
esterification 
acetic acid 0.5–12.0 
aldehydes 10–20  





ketones 1–5  
acetone 2.8 hydration,acetalization, 
oxidation 2-butanone 0.3–0.9 





ethylene glycol 0.7–2.0 
furans 1–6  
furfural alcohol 0.1–5.2 
polymerization 
furfural 0.1–1.1 
phenolic monomers 2−10  
phenol 0.1–3.8 
formation of resins 
2-ethylphenol 0.1–1.3 
4-methyl guaiacol 0.1–1.9 
isoeugenol 0.1–7.2 
syringol 0.7–4.8 
phenolic oligomers 15−30  
sugars 20−35  
levoglucosan 0.4–1.4  
fructose 0.7–2.9  
cellobiosan 0.6–3.2  
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 Functional group Compound class 
3600−3200  O−H stretching; 
N−H stretching 
phenols,alcohols,water,carboxylic 
acids, amides, amines 
2980−2870  C−H stretching  alkanes 
1850−1650  C=O stretching  aldehydes,ketones,carboxylic acids, 
esters 
1650−1580  C=C stretching  alkenes 
1300–1250 =C−C−O stretching aromatic ether, carboxylic acid 
1200–1100 C−O stretch secondary alcohols,  
ether (aliphatic or ring) 
1100–950 C=O stretching  primary alcohol 
 
2.3.2 Physicochemical Properties of Bio-oil 
Several physicochemical characteristics of bio-oil are summarized in Table 2-6 with 
detailed discussions listed below: 
 Homogeneity 
Macroscopically, most bio-oils are homogeneous liquids.
22
 However, microscopically, 
bio-oil can be considered as microemulsion.
109
 The multiphase structure of bio-oil 
was attributed to the presence of solid particles, aqueous droplets, waxy materials and 
heavy compound micelles.
111
 Due to density difference, solid particles together with 
some heavy components in bio-oil may gradually settle at the bottom of vessels during 
bio-oil storage.
95
 Therefore, it is required for homogenization of bio-oil by stirrer or 
mixer before sampling.
95,112
 For the inhomogeneous bio-oil that cannot be 
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Table 2-6 Some characteristics of bio-oil with possible causes and effects
64,88
 
Characteristic Causes Effects  
homogeneity high water or ash in feed; poor 
char separation 
phase separation; inconsistency in 
handling, storage and processing 
water content feed water and pyrolysis 
reactions 
decrease in viscosity, stability, 
density and heating value with 
increase of water content 
solids incomplete char separation in 
process; particulates from feed 
contamination or reactor  
sedimentation; blockage;  
erosion and corrosion 
 
viscosity chemical composition of 
bio-oil 
fairly high and variable with time; 
greater temperature influence than 
hydrocarbons 
distillability reactive mixture of degradation 
products 
bio-oil cannot be completely 
distilled 
acidity organic acids from biopolymer 
degradation 
corrosion of vessels and pipework 
stability continuation of secondary 
reactions 
slow change in viscosity from 
secondary reactions;  
potential phase separation 
 
 Water content 
Water is the most abundant single component in bio-oil, the content of which is 
generally in a range of 15–30 wt%.
22,59
 The presence of water can be beneficial for 
reduction in viscosity and pollutant emissions during combustion.
113
 However, 
increase of water content in bio-oil may result in decrease of heating value and even 
phase separation.
22
 Therefore, water content in bio-oil needs to be regulated.
112
 As 
one contributor to the water in bio-oil is the original moisture in feedstock, the 
moisture content in feedstock biomass is usually controlled to be below 10wt%.
22
 
 Heating value 
Two heating value of fuels may be referred to, i.e. higher heating value (HHV) and 
lower heating value (LHV). The difference between LHV and HHV is the vaporisation 
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heat of water during fuel combustion. The LHV of bio-oil (14–18 MJ/kg) is only 40–
45% of that of petroleum fuel (41–43 MJ/kg),
22,39
 due to the high oxygen and water 
contents of bio-oil.
39
 However, as the density of bio-oil (~1.2 g/cm
3
) is higher than 
that of petroleum oil (0.8–1.0 g/cm
3
), the volumetric energy density of bio-oil can 
account for 50–60% of that of petroleum fuels.
39
   
 Solid and Ash Content  
In biomass fast pyrolysis system, cyclone separators are commonly equipped to 
separate solid particles from pyrolysis vapours.
22
 However, the efficiency of cyclone 
separator is low for removal of small solid particles (≤10 um).
22
 Therefore, there are 
still considerable amount of fine particles being entrained in the vapours and 
subsequently condensed in the liquid bio-oil products. Presence of solid particles in 
bio-oil can have significant negative impacts on bio-oil quality and utilization. For 
instance, the solid particles tend to agglomerate and settle during bio-oil storage, 
leading to sampling inconsistency.
39
 Besides, high solid content can increase the 
apparent viscosity of bio-oil thereby resulting in pumping and atomization 
difficulties.
39
 In addition, high concentration of solid particles in bio-oil can 
contribute to high ash content, which is known to be associated with various 
problems (e.g., corrosion and deposition) during thermochemical application.
70,114
  
Therefore, high solid and ash contents in bio-oil are unfavourable. So far, hot vapour 
filtration seems to be an effective technique to bring down the solid and ash content 
in bio-oil.
115
     
 Rheological Property and Viscosity  
Viscosity is an important parameter for design and operation of fuel injection and 
atomization system.
22
 For Newtonian fluids, the viscosity remains constant, while 
viscosity of non-Newtonian fluids may change at different shear rates.
22
 The 
relationship between viscosity and shear rate can be evaluated by rheological studies. 
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Bio-oil is mostly Newtonian fluid when the temperature is below 80 °C.
22
  However, 
bio-oil with rich extractives may exhibit non-Newtonian characteristics at low 




 Typically, the viscosity of 
bio-oil is in the range of 40–100 cP at a measurement temperature of 50 °C.
18
 
Moderate preheating (<90 °C) of bio-oil before pumping and atomization can reduce 
the viscosity of bio-oil thereby improving the pumpability and atomization quality.
18
         
 Surface Tension 
Surface tension is another crucial parameter for atomization of liquid fuels.
116
 The 
surface tension of most bio-oil slightly decreases with increasing temperature.
22
 At 
room temperature (~25 °C), the surface tension of bio-oil varies over a range of 28–40 
mN/m,
22
 which is higher than that of heavy fuel oil (~23 mN/m @ 25 °C).
116
 This is 
at least partially due to the high water content of bio-oil considering that surface 
tension of water is as high as 72 mN/m at 25 °C.
22
    
 Volatility and Distillation Property  
Bio-oil has a wide range of boiling points because of its complex chemical 
composition.
18
 Generally bio-oil starts boiling below 100 °C and stops at about 250–
280 °C leaving 30–50% residues (weight base) in an atmospheric distillation. The high 
residue percentage can be attributed to the non-volatile organics condensed in bio-oil 
(e.g., sugars and oligomeric phenolics) and significant polymerization reactions 
occurred at elevated temperature during distillation.
18
   
 Acidity and Corrosiveness  
Due to presence of carboxylic acids, the pH and acid number of bio-oil are typically 
in the range of 2–3 and 36–70 mg NaOH/g respectively.
18,22
 For this reason, bio-oil is 
corrosive to common construction materials such as aluminium, mild steel and 
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copper.
117,118
 Additionally, high temperature or water content was found to exacerbate 
the corrosiveness of bio-oil.
117
 However, stainless steel and various polymers (e.g., 
polyethylene and polypropylene) are corrosion-resistant materials that can be used 
for storage and handling of bio-oil.
32,95
  
 Stability  
As bio-oil is not a product of thermodynamic equilibrium, reactions may still take 
place during storage,
34
 resulting in changes in physicochemical properties of bio-oil 
(e.g., viscosity, homogeneity and acidity) over time. This phenomenon is known as 
bio-oil ageing. Such ageing may be accelerated at elevated temperatures or in 
presence of catalysts.
34
 For example, it was reported that ageing of a hardwood bio-oil 
at 90 °C for 6 hours was equivalent to ageing at 37 °C for 3 months, and the viscosity 
change after ageing at 80 °C for 24 hours was correlated to viscosity change after one 




 has reviewed the chemical and 
physical mechanisms of storage stability of bio-oil. Some common reactions 
responsible for the bio-oil ageing are summarised in Table 2-4 together with major 
organic components of bio-oil.  
2.3.3 Combustion of Bio-oil for Heat and Power Generation  
Boilers and furnaces are mostly used for heat generation, while diesel engines and 
turbines can offer high efficiency for power generation. Despite having relatively low 
efficiency, boilers and furnaces can operate with various fuels from petroleum 
distillates to coal/water slurries.
48
 It is possible for direct combustion of bio-oil in 
boilers or furnaces without upgrading. However, application of bio-oil in diesel 
engines or turbines often requires physical upgrading such as emulsification or 
solvent addition. Physically upgraded bio-oil fuels including emulsion fuels or fuel 
blends will be discussed in section 2.6. This subsection only reviews direct 
application of bio-oil as boiler or furnace fuel.    
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Commercial combustion of bio-oil for heat generation has been operating for over 10 
years at Red Arrow Products in USA.
119
 This commercial system uses a 5 MW swirl 
burner for combustion of bio-oil fractions delivered by a stainless steel nozzle. The 
emission of such combustion system was reported to be 17, 1.2 and 0.2% of permitted 
levels for CO, NOx and formaldehyde respectively.
119
 Bio-oil combustion in 
industrial boilers has also been attempted by Stockholm, Oilon and Fortum.
120,121
 
Researches on bio-oil as a boiler fuel concluded that direct combustion of bio-oil 
without auxiliary fuel might be feasible with modification of the burner system, 
improved bio-oil quality (e.g., solid content and ash content lower than 0.1 and 0.03 wt% 
respectively), and a support fuel at the start up stage.
18,120,122
 In general, emission from 
bio-oil combustion was lower than that from combustion of heavy oils provided that 
quality bio-oil was properly handled.
18
 However, particulate emission might be still 
beyond the acceptable level for bio-oil combustion.
18
 In addition, co-firing of bio-oil 
with fossil fuels seems to be an appealing option for heat and power generation and 
has attracted research interests.
123,124
    
2.3.4 Catalytic Upgrading of Bio-oil to Conventional Transport Fuel 
Upgrading of bio-oil to conventional transport fuel (e.g., diesel, gasoline and 
kerosene) requires full deoxygenation in combination with conventional refining 
process. Complete deoxygenation of bio-oil may be achieved by hydrotreating or 
catalytic vapour cracking as discussed below.  
 Hydrotreating (or hydrodeoxygenation)  
Hydrotreating of bio-oil is performed at moderate temperatures (300–600 °C) with 
high hydrogen pressure and catalysts.
18,125
 Hydrotreating process removes oxygen as 
water and results in hydrogenation–hydrocracking of large molecules of bio-oil. 
Typical catalysts used in hydrotreating process are sulfided CoMo or NiMo catalysts 
supported on alumina, which are industrial catalysts used for desulfurization or 
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deoxygenation of petroleum feedstock.
125,126
 Elliott et al.
127
 have reviewed the 
developments in hydrotreating of bio-oil. The main challenge of this process is the 
requirement for high hydrogen pressure which then demands complicated equipment, 
superior techniques and excess cost.
59,125
 Apart from this, catalyst deactivation and 
reactor clogging can also hinder the implication of this process.
59
  
 Catalytic vapour cracking  
Catalytic cracking of bio-oil is carried out at a temperature range of 350–500 °C and 
atmospheric pressure in presence of catalysts.
125,126
 Zeolites catalysts such as ZSM-5 
or HZSM-5 are usually employed in this process. Cracking of bio-oil can result in 
elimination of oxygen as carbon dioxide, carbon oxide, or water. Although hydrogen is 
not required, the application of this process may be limited by problems such as low 
hydrocarbon yield, poor product quality and coke formation.
128
 
2.3.5 Reforming of Bio-oil for Hydrogen or Syngas Production 
Although it is not currently prospective of upgrading bio-oil to conventional liquid 
transportation fuels by hydrotreating or vapour cracking, another catalytic upgrading 
technique, bio-oil reforming, has emerged as an alternative pathway of bio-oil fuel 
application.
18
 Table 2-7 summarizes the process conditions, products and limitations 
of catalytic reforming as well as the aforementioned hydrotreating and vapour 
cracking techniques. Bio-oil reforming process aims at production of hydrogen or 
syngas.
18
 Extensive investigations have been carried out on hydrogen production via 
reforming of whole bio-oil or bio-oil aqueous fractions.
129,130
 Moreover, syngas 
produced from bio-oil reforming can be feedstock for synthesizing conventional 
hydrocarbon fuels or alcohols. The catalysts used for bio-oil reforming are usually 
precious metals, and the process occurs at high temperatures (600–800 °C).64,125 
Catalyst deactivation because of coking is one major problem impeding the 
development of bio-oil reforming.
125,130,131
       
  CHAPTER 2 
Properties of Bio-oil-Based Fuel Mixtures  23 
Table 2-7 Comparison of three catalytic upgrading techniques of bio-oil 
Techniques Conditions Products  Limitations 
hydrotreating moderate temperature 
(300–600°C); high 
hydrogen pressure; 
sulfided CoMo or 
NiMo catalysts 
naphtha-like liquid 
products which could 















liquid products with 
higher viscosity 
compared to that from 
hydrotreating process 









syngas or hydrogen catalyst 
deactivation  
   
2.4 Utilization of Fast Pyrolysis Biochar 
Biochar can be produced from fast pyrolysis of biomass with product yield being 10–
25 wt%.
54
 Effective application of biochar is beneficial for enhancing economic 
viability and environmental sustainability of biomass pyrolysis process.
65
 Biochar 
from fast pyrolysis process can be used as a fuel for heat and power generation due 
to its excellent grindability and high energy density.
24,27
 Besides, it can be potentially 
used for soil amendment similar to the application of slow pyrolysis biochar.
132,133
 
This section discusses the challenges in utilization (especially fuel application) of 
biochar from fast pyrolysis of biomass. 
The main challenge in utilization of fast pyrolysis biochar is associated with the fine 
particle size distribution, which may cause safety concerns during storage or 
transportation.
60
 For instance, fine biochar powders may spontaneously combust 
during storage if exposed to oxygen and moisture, and large concentration of biochar 
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dust in an enclosed area is potentially explosive.
60
 Besides, surface application of 
biochar powders to soils may result in considerable particulate emission which poses 
a health risk for anyone exposed to the dust.
60
  
In addition to safety concerns associated with fast pyrolysis biochar utilization, 
considerations for fuel application of the biochar also include the reactivity and 
emission characteristics of biochar during combustion or gasification. Inorganic 
matters, particularly alkali and alkaline earth metallic (AAEM) species, in biochar 
are known to be closely related to reactivity and ash-related issues.
36-38
 During 
biomass fast pyrolysis, majority of AAEM species retain in the solid product, i.e. 
biochar, therefore, the concentration of AAEM species in biochar can be six or seven 
times higher than that in feedstock biomass.
35, 39
 The AAEM species in biochar can 
act like catalysts for combustion or gasification reactions. The K and Na species 
appeared to have stronger catalytic effect than the Ca species during steam 
gasification of biochar.
36
 Furthermore, the catalytic effect was also related to the 
existing form of AAEM species (e.g., in salt form or in organically bound 
structure).
38
 On the other hand, the inorganic matters in solid fuels may cause various 





 fine inorganic particulate matter emission,
37,139
 
and bed agglomeration in fluidized bed operations.
140-143
 Therefore, it is crucial to 
have a thorough understanding of the concentration and composition of inorganic 
species in biochar for fuel application. 
One possible solution to address the issue with fine biochar transportation or storage 
is suspending biochar into bio-oil to produce bioslurry fuels, which will be reviewed 
in Section 2.6. It is also within the scope of this thesis to investigate the evolution of 
inorganic species distribution in biochar after mixed with bio-oil. 
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2.5 Characterisation and Fuel Application of Glycerol from Biodiesel 
Production  
Glycerol can be sourced from soap or biodiesel industry.
144
 Due to its rapid growth, 
biodiesel industry has become the major driver for glycerol supply.
43,144
 In general, 
approximately 1 kg glycerol can be generated along with production of 10 kg biodiesel 
by reaction of oil/fat with lower alcohol.
43,49,145-147
 The annual global biodiesel 
production is expected to reach ~37 billion gallons by 2016, leading to an annual 
production of ~19 million tons of glycerol as a huge accumulated stockpile.
45,148
 The 
management and utilization of such a large-scale waste stream is therefore of great 
importance to not only the economic performance of biodiesel production value 
chain but also the environmental sustainability associated with waste disposal.
45-47
 
Some undesired properties of glycerol are the key challenges in glycerol utilisation. 
This section reviews the chemical composition and physiochemical properties of 
glycerol, with emphasis on different pathways for glycerol utilisation as fuel. 
2.5.1 Characterization of Glycerol 
Chemical composition 
The composition of glycerol varies depending on the feedstock, biodiesel production 
process and refining process of crude glycerol.
48,49
 Table 2-8 lists compositions of 
some glycerol from biodiesel process reported in open literature. Crude glycerol from 
biodiesel production usually contains less than 88% glycerol,
62,144
 with the rest being 
impurities such as methanol, soap, water, catalysts, salt, fatty acid methyl ester 
(FAME) and fatty acid. Inconsistency is noted in the chemical compositions of crude 
glycerol reported in the literature, largely due to some of the biodiesel production 
processes being not operated in the optimal process configurations. For end use of 
crude glycerol, it is important to understand how the impurities affect the properties 
and utilisation of glycerol derived fuels. Such work is included in this PhD thesis.
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Table 2-8 Composition of some glycerol from biodiesel production process 
Reference Glycerol Methanol Water Soap Fatty acid FAME Glycerides Salt 
Gupta et al
51
 25−85 up to 25 2−5      
Santibáñez et al
149
 50−60 8−12 2−3 12−16  15−18   
Rehman et al
150
 30 50 2 13     
Liang et al
151
 48.7 22.7 25.6 3.0     
Thompson and He
49
 63−77 23−37       
Valliyappan et al
152
 60 31 7.5      
Pyle et al
153
 56–62 13–28  15–25     
Escribà et al
154
 67.5 30.9 1.6  <1.0  <1.0  
Slinn et al
155

































     
Hájek et al
157
 51.3–58.9 1.9–4.6 11.7–14.1 16.8–21.8  6.2–9.3   
Mize et al
158
 50.1–72.3 0.1–0.4 14.1–19.2 <0.5     
Papanikolaou et al
159















  92 0.01 6     2-3 
Mothes et al
162
 77−90 <2 5−14     1−6 
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Physiochemical properties 
Table 2-9 presents some fuel properties of pure glycerol. The high viscosity and high 
auto-ignition temperature of glycerol is known to cause difficulties in pumping, 
atomization, ignition and even flame maintenance.
51,52
 The high freezing point may 
also be problematic if glycerol fuel is used in cold conditions. Because crude 
glycerol contains various proportions of impurities, the properties of crude glycerol 
may differ from pure glycerol. For instance, high soap content may increase the 
viscosity of crude glycerol compared to pure glycerol.
163
 Moreover, in presence of 
high concentration of methanol, the flash point of crude glycerol can decrease 



















694.4 boiling point 




62.87 freezing point (°C) 17 
heating value 
(kcal/mol) 
397 flash point (°C) 177 
2.5.2 Fuel Application of Glycerol 
Purification is an essential step for crude glycerol to penetrate into conventional 
glycerol markets such as food, cosmetic, pharmaceutical, personal care products or 
catalytic conversion to chemicals.
43,147
 However, purification process is costly and the 
conventional glycerol markets lack of capability to accommodate the large quantity of 
crude glycerol emerged.
43
 Utilization of crude glycerol as an energy source, on the 
other hand, seems to be an appealing choice because of several advantages including 
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drastic volume reduction (glycerol converted into flue gas), easy integration into 
biodiesel production process (for on-site heat supply hence reducing the dependence 
on fossil fuel), large-scale application and flexibility to directly accommodate the 
crude glycerol product without refining.
43,52,53,147,168,169
 Current pathways of glycerol 
utilization are illustrated in Figure 2-3. Even though purified glycerol for energy use 
is not practical, it is usually adopted for fundamental investigation on fuel application 
of crude glycerol. 
 Combustion of glycerol or glycerol based fuel mixtures 
Problems associated with direct combustion of glycerol or crude glycerol alone have 
been reported.
52,170-172
 For example, as a result of the high viscosity and ignition 
temperature of glycerol, incomplete combustion often occurs leading to the formation 
of unburned toxic products that are of safety and pollution concerns.
51,168
 Moreover, 
high concentrations of inorganic species (primarily Na: ~13,700 ppm, and P: ~1530 
ppm) in crude glycerol can be excessive for direct combustion due to ash-related 
issues.
52,53,168
 One possibility to address the challenges with direct combustion of 
glycerol and mitigate the associated problems is to mix glycerol with other fuels to 
make fuel blends or emulsions.  
Petzer et al.
53
 blended glycerol with yellow grease for combustion, although the 
result was not satisfactory mostly due to the difficulties in maintaining a 
homogenous mixture. Fernando et al.
47
 blended glycerol with gasoline in presence of 
an amphiphile alcohol produced from catalytic conversion of glycerol. Even though a 
single phase fuel blend could be obtained, glycerol concentration in the mixture was 
low (~6 vol%) and a large quantity of alcohol (~60 vol%) was required due to the 
immiscibility of glycerol with gasoline. Besides, this technique seems difficult to be 
applied to crude glycerol as catalytic conversion is required to produce the 
amphiphile alcohol.  
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Bombos et al
178
 investigated the possibility of emulsifying glycerol with fuel oil. 
Various emulsifiers were attempted and the effects of emulsifier concentration on 
several fuel properties were reported including flash point, freezing point and 
viscosity. The stability of the glycerol/fuel oil emulsions was reported to be 





 emulsified crude glycerol with fuel oil for industrial heating. The 7 day 
stability tests demonstrated the advantage of phase inversion emulsification method 
and the adverse influence of salt on the emulsion stability.
164 
Steady burning of the 
prepared emulsion fuels was achieved in a waste oil burner.
164
 However, the heat 
output and emission behavior was not characterized. In summary, glycerol based fuel 
mixtures (fuel blends or emulsions) have great potential for combustion application. 
However, there is a great need to develop fuel blends of glycerol with alternative 
fuels, which is also within the scope of this PhD project. 
Glycerol from biodiesel process
Purified glycerol











Figure 2-3 Current utilization of glycerol from biodiesel process  
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 Steam reforming of glycerol or co-gasification of glycerol–biomass mixtures  
Being oxygenated hydrocarbon, glycerol has a great potential for hydrogen or syngas 
production via steam reforming or gasification process.
145,152
 Most studies investigate 
on steam reforming using pure glycerol,
152
 but recently steam reforming of crude 
glycerol for hydrogen production has attracted increasing research interests.
155,173
 
However, deactivation of catalysts was observed during steam reforming of crude 
glycerol due to the presence of impurities.
156, 166
 In addition, some researchers 
conducted co-gasification for syngas production using mixtures of crude glycerol and 
biomass.
93, 102, 174 
The ratio of crude glycerol to biomass should be considered in 
order to ensure homogeneous absorption of crude glycerol by biomass.
174
 Even 
though this seems to be a feasible approach for taking up glycerol to subsitue 
biomass, the mixture is still solid fuel and increased char yield was observed during 
gasification.
174,175
     
2.6 Recent Advancement in Bio-oil-Based Fuel Mixtures 
As aforementioned in Section 2.3.3, application of bio-oil in efficient diesel engines 
or turbines may be achieved by physically upgrading bio-oil to emulsion fuels or 
bio-oil–solvent fuel blends. Also, slurry fuel prepared from bio-oil and solid fuels 
(coal or biochar) is also an attractive fuel mixture that can be a near term application 
of bio-oil. Therefore, this section summarizes the advancement of three bio-oil-based 
fuel mixtures, i.e. slurry fuel, emulsion fuel and fuel blend.   
2.6.1 Bio-oil-Based Slurry Fuel 
Slurry fuels can be used in boilers or gasifiers. Key slurry fuel properties include 
particle size distribution, rheological property and static stability etc.
176
 Bio-oil-based 
slurry fuels found in literature mainly include coal/bio-oil slurry and biochar/bio-oil 
slurry, recent developments of which are summarised below. 
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 Coal/bio-oil slurry. Although coal/water slurry or coal/oil slurry has been 
extensively studied,
177-179
 investigations on coal/bio-oil slurry are limited. Wang 
and Song et al.
180
 examined the rheological behaviour of coal/bio-oil slurry. The 
slurry fuels with up to 42 wt% coal loading showed Bingham plastic fluid 
behaviour.
180
 A subsequent study
181
 suggested that rheological properties of 
coal/bio-oil slurry could be affected by several factors including coal rank, solid 
concentration, particle size distribution and temperature. 
 Biochar/bio-oil slurry. Biochar/bio-oil slurry, also known as bioslurry, is 
prepared by suspending fine biochar particles into bio-oil. Such concept was 
initially attempted by commercial developers such as Karlsruhe (“Bioliq”
106
). 
Recently, Wu et al.
24,27,28,182
 has systematically studied the bioslurry fuels sourced 
from fast pyrolysis of mallee wood. It has shown that bioslurry can be a promising 
strategy and potentially make an important contribution to the establishment of a 
bioenergy industry based on mallee biomass in Western Australia. Additionally, 
suspending fine biochar particles into bio-oil also addresses the potential issues 
(dusty and/or spontaneous combustion) associated with biochar direct transport. 
Studies by this research group have also shown that bioslurry (prepared from 
biochar and fresh bio-oil or the bio-oil fraction) has good economic viability, 
small energy and carbon footprints, and desired fuel and rheological properties for 
combustion or gasification applications. Subsequent work on bioslurry fuel 
derived from slow pyrolysis or fast pyrolysis of other biomass were also carried 
out by Caiyot et al.
25
 and Trinh et al,
26
 with similar findings. Overall, bioslurry 
intensifies energy density compared to corresponding bio-oil fuel; bioslurry with 
less than 20 wt% biochar loading exhibits pseudoplastic behaviour; temperature 
has significant influence on the viscosity and pumpability of bioslurry fuels. 
Masakazu et al.
183
 also conducted gasification using bioslurry with 20 wt% 
biochar. However, so far little work has been done on the long term stability or 
ageing of bioslurry fuels.    
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2.6.2 Bio-oil-Based Emulsion Fuel  
Emulsification of bio-oil with diesel or biodiesel may produce emulsion fuels with 
improved properties. Such emulsion fuels may have potential application in current 
diesel engines. In this section, both diesel/bio-oil and biodiesel/bio-oil emulsion fuels 
are reviewed considering fuel preparation, properties and application. 
 Diesel/bio-oil emulsions 
In spite of the mutual immiscibility, bio-oil and hydrocarbons can be emulsified with 
the aid of surfactants. There have been various studies on emulsification of whole 
bio-oil or bio-oil aqueous fraction with No.0 or No.2 diesel.
184-187
 The produced 
emulsion fuels are targeted for application in diesel engines. Stability is one of the 
most important characteristics that need to be considered for emulsion fuels. Ikura et 
al.
184
 found that the emulsion stability of diesel/bio-oil emulsion was significantly 
influenced by bio-oil concentration, surfactant concentration and power input per 
unit volume. Chiaramonti et al.
105
 employed various commercial surfactants for 
testing the stability of diesel/bio-oil emulsions and found that emulsions with 
Uniquma surfactants had the longest stability up to 7 days. Previous studies were 
also carried out on effects of hydrophile and lipophile balance (HLB) value on 
surfactant function using Span and Tween series surfactants.
186,188
 So far CANMET 
surfactant has been known as the most cost-effective additive to stabilize 
diesel/bio-oil emulsion.
184,189
 Compared to bio-oil alone, diesel/bio-oil emulsions 
were also found to have improved other fuel properties (e.g., corrosiveness, cetane 
number and viscosity), in addition to stability.
17,184
 Previous investigations on the 
combustion of diesel/bio-oil emulsions in diesel engines indicated that erosion of the 
injectors was a common problem impeding this application.
190-192
 It was also 
reported that reductions in surfactants cost and energy input are of great importance 
to the development of the emulsion fuels from a practical point of view.
59
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 Biodiesel/bio-oil emulsions  
Biodiesel as a promising diesel substitute may also be emulsified with bio-oil. Jiang 
and Ellis
193
 suggested that the optimum condition for producing biodiesel/bio-oil 
emulsion was mixing of bio-oil and biodiesel in volume ratio of 4:6 with addition of 
4 vol% octanol as surfactant and stirring at 1200 rpm for 15 minutes at 303 K. The 
subsequent thermal stability tests indicated that the biodiesel/bio-oil emulsion could 
be considered as a stable fuel during storage.
194
 Prakash et al.
195,196
 carried out 
investigations on application of biodiesel/bio-oil emulsion fuels (with up to 15 vol% 
bio-oil loading) in diesel engines. The results showed an increase in thermal 
efficiency, a decrease in emissions of hydrocarbon and CO, but an increase in NO 
emission compared to operation with diesel fuel alone.   
2.6.3 Bio-oil-Based Fuel Blends  
Polar solvent addition is considered to be one simple method for upgrading bio-oil.
39
 
Commonly used polar solvents include methanol, ethanol, acetone and isopropanol 
etc.
29,39,197
 Bio-oil with added polar solvents was found to have improved fuel 
properties such as reduced viscosity, increased heating value and improved 
stability.
29,197
 Moloodi et al.
198
 examined the combustion performance of the ethanol–
bio-oil fuel blends in a swirl burner. It was found that the flame stability was 
improved and emission of CO and hydrocarbon was reduced upon ethanol presence 
in the fuel blends. Apart from addition of polar solvents, extraction of bio-oil by 
biodiesel was also attempted to produce biodiesel/bio-oil blends.
199,200
 Due to the 
amphiphilic characteristic, ethanol and butanol were used as co-solvents to produce 





Preference of butanol over ethanol as co-solvent was reported as butanol gave a 
wider composition range of stable fuel blends.
189,201
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2.7 Conclusions and Research Gaps  
Based on the above literature review, several key conclusions can be summarized:  
 Firstly, fast pyrolysis is a promising technology converting bulky biomass into 
high energy density bio-oil and biochar products. However, some repellent 
characteristics possessed by bio-oil and biochar have limited their fuel 
application;  
 Secondly, among various bio-oil upgrading techniques, catalytic upgrading can 
enable bio-oil to be used as transport fuel. However, extensive R&D is required 
before these techniques are economically feasible. Physical upgrading, on the 
other hand, is considered to be simple ways for adapting bio-oil in diesel engines 
or turbines. Two physical upgrading methods were reviewed including 
emulsification of bio-oil with diesel or biodiesel to produce emulsion fuels, and 
solvent addition to produce bio-oil-based fuel blends;  
 Thirdly, utilization of fast pyrolysis biochar can encounter transportation or 
storage difficulties due to the fine particle distribution. Suspending fine biochar 
particles into bio-oil to prepare bioslurry fuels can be a good solution. Although 
there have been studies on rheological properties and other fuel properties of the 
freshly prepared bioslurry, little information is provided on the long term 
stability of bioslurry during storage. Besides, AAEM species is known to have 
catalytic function and be in association with ash-related issues during 
thermochemical processes. However, there is a lack of a suitable method to 
quantify AAEM species in bio-oil or bioslurry fuels. Establishment of such 
method can also enable investigation into the distribution of AAEM species 
during bioslurry storage;  
 Fourthly, the rapid growth of biodiesel production has resulted in a huge surplus 
of glycerol, which may cause economic and environmental concerns. 
Combustion/gasification seems to have wide prospects for taking up the large 
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quantity waste stream. However, such application may be limited by the 
undesirable properties of glycerol. Mixing of glycerol with another fuel may 
alleviate the problems related to direct utilization of glycerol alone. However, 
appropriate fuel needs to be found for blending with glycerol.  
Therefore, further R&D is required to fill the research gaps in application of bio-oil, 
biochar and glycerol including: 
(1) Developing a proper method for quantification of AAEM species in bio-oil and 
bioslurry fuels. As the existing methods for characterization of AAEM species in 
solid fuels may not be applicable to liquid or slurry fuels, a suitable method 
needs to be established for quantifying AAEM species in bio-oil or bioslurry; 
(2) Long term stability of bioslurry fuel. As bio-oil is prone to ageing and inherent 
AAEM species in bio-oil or biochar may act as catalysts to accelerate the ageing 
process,
34
 evolution in fuel properties and distribution of AAEM species should 
be monitored during long term storage of bioslurry. Further investigation on 
mechanisms of distribution of AAEM species in bioslurry system is required, as 
such information can help establish proper methods to control and alleviate 
unwanted AAEM distribution; 
(3) Preparation and properties of fuel blends produced from bio-oil and glycerol. 
Such fuel blends may have improved properties compared to bio-oil or glycerol 
alone, and be suitable for application in current stationary engines. It is of great 
importance to carry out subsequent studies on the effect of impurities in crude 
glycerol on fuel blend preparation from glycerol and bio-oil. The outcome can 
provide guidance for blending crude glycerol in bio-oil, thereby enhancing the 
economic value chain of biodiesel production;  
(4) Preparation and fuel properties of slurry fuels produced from biochar and (crude) 
glycerol/bio-oil blends. Such data is important to assess the viability of 
integrating bioslurry production process with biodiesel production process; 
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(5) Preparation and characterization of emulsion fuels from bio-oil and crude 
glycerol. As soap is a major impurity in crude glycerol and is often known as 
surfactant,
202
 emulsification of bio-oil with crude glycerol seems to be an 
encouraging option;  
(6) Combustion/gasification of slurry fuels (biochar/bio-oil slurry and crude 
glycerol/biochar/bio-oil slurry) or fuel blends of bio-oil and crude glycerol. As 
fuel for end use, such investigation is of great importance to understand the 
combustion or gasification behaviour in practice; 
(7) Production of slurry fuels or fuel blends from algae biomass. As a third 
generation biomass source, algae can be pyrolyzed to produce bio-oil and 
biochar which can then be used for production of fuel mixtures employing 
current methodology.       
2.8 Research Objectives of Current Study 
A list of research gaps in the field have been identified from the literature review, as 
listed in the previous section. However, with the timeframe of the PhD study, it is 
impossible to fill all the research gaps. Therefore the scope of this thesis focuses on 
fuel properties of bio-oil-based slurry fuels with biochar and fuel blends with 
glycerol. The main objectives of current study are listed as follows: 
(1) To develop a method for quantifying AAEM species in bio-oil and bioslurry 
fuels; 
(2) To investigate fuel properties evolution and distribution of AAEM species 
during long term storage of bioslurry fuels; 
(3) To identify the components in bio-oil responsible for the distribution of AAEM 
during bioslurry storage and provide possible solutions to alleviate the 
unwanted distribution based on the outcome; 
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(4) To prepare fuel blends from bio-oil and glycerol and further investigate fuel 
properties of the fuel blends benchmarked against that of bio-oil or glycerol 
alone as fuels; 
(5) To examine the effect of impurities in crude glycerol on blending of bio-oil and 
glycerol and provide further guidance on integration of such blending process 
into biodiesel production process.
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CHAPTER 3 RESEARCH METHODOLOGY AND 
ANALYTICAL TECHNIQUES 
3.1 Introduction  
This chapter describes the overall research methodology employed to achieve the 
thesis objectives outlined in Chapter 2. Details of experimental and analytical 
techniques are given in the following sections.   
3.2 Methodology 
Two fuel mixtures are considered in this thesis, i.e. bioslurry fuel prepared from 
bio-oil and biochar, and fuel blend prepared from bio-oil and glycerol. A series of 
systematic experiments were carried out, including: 
 Pyrolysis of biomass in a fluidized bed reactor or a drop-tube/fixed bed reactor 
system to produce biochar for preparation of bioslurry fuels; 
 Preparation of fuel mixtures with different liquid to solid ratio or different 
bio-oil proportion; 
 Ageing of the fuel mixtures at room temperature for long period or at elevated 
temperature for short time; 
 Characterization of the fuel mixtures using an array of analytical instruments, 
including rheometer, ion chromatography and Karl Fisher titrator etc. 
In this research, experiments or instrumental analyses were replicated to ensure 
reproducibility of results. The overall methodology for achieving the research 
objectives is illustrated in Figure 3-1 with detailed explanations in the following 
sections.   
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Figure 3-1 Research methodology and linkage with the research objectives (see 
Section 2.8) to be achieved in this PhD study 
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3.2.1 A Method for the Quantification of Alkali and Alkaline Earth Metallic 
(AAEM) Species in Bioslurry Fuels 
The biochar samples were produced from pyrolysis of pine wood in a fluidized bed 
reactor (see Section 3.3.1 and 3.3.3). Series of bioslurry fuels were prepared from 
two bio-oils and the produced biochar (Section 3.3.1). The ultimate and proximate 
composition of the bio-oil and biochar samples were analysed according the the 
method detailed in Section 3.4.1. Several fuel properties of bio-oil samples were 
analysed, including viscosity (Section 3.4.3), total acid number (TAN), water content 
and solid content (Section 3.4.4). All the bioslurry and blank bio-oil samples were 
subjected to quantification of AAEM species via existing and newly developed 
ashing−digestion−IC methods and microwave digestion–ICP method (Section 3.4.2). 
The results of this work are shown in Chapter 4. 
3.2.2 Evolution of Fuel Properties and Aging during Bioslurry Storage  
The biochar samples used in this set of work and subsequent work in Chapter 6 
were produced from pyrolysis of pine wood biomass in a drop-tube/fixed bed 
reactor (see Section 3.3.1 and 3.3.3). It was reported previously that the soot-like 
solid particles (typically with a content of <0.5 wt%) in fast pyrolysis bio-oil may 
experience agglomeration during bio-oil cold storage.
203
 Therefore, to eliminate this 
effect, two filtered bio-oils (Section 3.3.1) were mixed with the biochar to prepare 
bioslurry fuels used in this work. The obtained bioslurry fuels were stored at room 
temperature for up to 29 days. During this storage period, bio-oil was separated 
from bioslurry at designated time (Section 3.3.2). The separated bio-oil together 
with the blank bio-oil samples were characterized using various analytical 
techniques detailed in Section 3.4. For instance, a rheometer was used to analyse 
the rheological properties and viscosity of bio-oil samples (Section 3.4.3). The 
water content and total acid number (TAN) were analysed using Karl fisher titrator 
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and acid–base titrator respecively (Section 3.4.4). Quantification of AAEM species 
in biochar was carried out using the existing ashing−digestion−IC methods (Section 
3.4.2). The AAEM species in bio-oil samples were determined using the method 
developed in Chapter 4. Analysis of AAEM species in biochar and bio-oil samples 
was used to examine the distribution of AAEM species in bioslurry during storage. 
The results and discussion for this work are covered in Chapter 5. 
3.2.3 Leaching Characteristics of Alkali and Alkaline Earth Metallic (AAEM) 
Species from Biochar by Bio-oil Model Compounds  
The results in Chapter 5 showed an increase of AAEM species in bio-oil phase, 
implying that the AAEM species were leached out from biochar by bio-oil during 
bioslurry storage. In Chapter 6, the leaching mechanism was investigated using 
several bio-oil model compounds. A series of mixtures were prepared, including 
biochar–bio-oil model compounds mixtures and biochar–bio-oil water soluble 
fraction mixtures. These mixtures were stored at room temperature for up to 7 days, 
and then the liquid phase was separated and collected for subsequent analysis, 
including quantification of AAEM species following the method developed in 
Chapter 4 and UV–florescence spectropic analysis (Section 3.4.7). Chapter 6 
explains the results and discussions for this work. 
3.2.4 Phase Behaviour and Fuel Properties of Glycerol/Methanol/Bio-Oil Blends 
To achieve the fourth objective outlined in Section 2.8 of Chapter 2, a series of 
systematic experiments were conducted. Firstly, the solubility of glycerol in bio-oil 
was examined using optical microscopic analysis (Section 3.4.5). Methanol was 
added to aid the dissolution of glycerol in the bio-oil. Therefore, a series of 
glycerol/methanol/bio-oil blends were prepared. Secondly, the selected fuel blends 
were subjected to various analyses, including density and surface tension (Section 
3.4.6), elemental analysis (Section 3.4.1) and viscosity (Section 3.4.3), etc. On the 
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basis of the solubility and fuel properties of the glycerol/methanol/bio-oil blends, 
feasible composition range was recommended and two fuel blends in this range were 
selected for subsequent accelerated ageing evaluation (Section 3.3.2). Chapter 7 
presents the results and discussions for this work. 
3.2.5 Effect of Major Impurities in Crude Glycerol on Solubility and Properties 
of Glycerol/Methanol/Bio-oil Blends 
To investigate the influence of impurities in crude glycerol on solubility and 
properties of glycerol/methanol/bio-oil blends, four major impurities were selected 
and mixed with glycerol separately or together to prepare a set of 
impurity-containing glycerol mixtures including formulated crude glycerol. The 
effect of these impurities on the solubility of glycerol in bio-oil was examined by the 
minimum methanol percentage required for obtaining homogenous blends. Selected 
homogenous fuel blends with fixed methanol and bio-oil composition were subjected 
to accelerated ageing experiments (Section 3.3.2). Various fuel properties 
characterized in this study included viscosity, water content, TAN, and elemental 
composition etc. The detailed results are reported in Chapter 8. 
3.3 Experimental 
3.3.1 Sample Preparation 
Biomass and Biochar. A batch of dry pine wood chips was kindly supplied by 
WA&J King Pty Ltd (Western Australia). The received pine wood biomass was then 
cut and sieved into size fractions of 4–6 mm and 1–2 mm. The prepared biomass 
sample was sealed in plastic bags and stored in a freezer under -4 °C before pyrolysis 
for biochar production. Two biochar samples were prepared in this PhD project as 
seen in Figure 3-2. The one used in Chapter 4 was produced in a fluidized bed 
reactor system using 4–6 mm biomass. The other biochar sample used in Chapter 5 
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and 6 was prepared in a drop-tube/fixed bed reactor system using 1–2 mm biomass. 
Both biochars were produced at ~500 °C and corresponding reactor systems used for 
biochar production can be seen in Section 3.3.3. The collected biochar samples were 
ground using a ball mill (Retsch MM400) for 8 min at a frequency of 15 Hz and then 
sieved to size less than 75 µm for further experiments.      
Bio-oil and Bioslurry. Two bio-oil samples (referred to as “bio-oil A” and “bio-oil 
B”) were sourced from two commercial suppliers, where pine wood samples 
available to the suppliers were used as feedstocks for producing the bio-oils under 
fast pyrolysis condition at ~500 °C. The received bio-oil samples were stored in 
fridge at ~4 °C prior to use. Detailed bio-oil allocation in this thesis is sketched in 
Figure 3-2. As-received bio-oil was used throughout the thesis except for 
experiments in Chapter 5, where both bio-oil A and bio-oil B were filtrated through a 
0.45 μm PVDF syringe filter for experiments. Bioslurry samples were prepared by 
mixing the ground biochar particles (with size <75 µm) into the bio-oil samples 
following a method developed previously.
27
 Bioslurry samples prepared using bio-oil 
A or bio-oil B were referred to as “bioslurry A, xx% biochar” or “bioslurry B, xx% 
biochar” (xx% represents the weight percentage of biochar in bioslurry). Due to 
experimental limitations, it is noted that the two bio-oil samples and the biochar 
sample were not produced from the same pine wood sample. Nevertheless, this fact 
should not influence the conclusions drawn in this study. In addition, as bio-oil 
property is prone to change over time, characterization of the bio-oil samples was 
carried out prior to experiments and the results are presented in each chapter. 
Other chemicals used in this study. Glycerol (G5516), formic acid (399388), phenol 
(328111), guaiacol (G5502) and sodium oleate (26125) were sourced from Sigma 
Aldrich. High-purity analytical-grade methanol (≥99.8%), acetone (≥99.8%), acetic 
acid (≥99.7%), NaOH powder and NaCl powder were purchased from Chem–Supply. 
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Bio-oil Biochar
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Figure 3-2 Allocation of bio-oil and biochar samples in this thesis 
3.3.2 Ageing, Leaching and Accelerated Ageing Experiment    
Aging experiment in Chapter 5. Each bioslurry sample (bioslurry A, 10% biochar 
and bioslurry B, 10% biochar) was evenly divided into eight containers. Equal 
quantity of bio-oil A and bio-oil B was also dispensed into four containers as blanks 
(referred to as “bio-oil A, blank” and “bio-oil B, blank”) for comparison. During the 
ageing experiments, for each bioslurry (or bio-oil) sample, sampling was done after 
designated ageing periods (i.e. 20 minutes, 40 minutes, 2 hours, 8 hours, 1 day, 5 days, 
15 days and 29 days). For each sample collected, the bio-oil phase was then separated 
via centrifugation at 4500 rpm for 10 minutes and subsequently filtered through a 0.45 
µm PVDF syringe filter. The filtered bio-oil samples were then stored below 4 °C for 
subsequent analysis. As control group, the bio-oil blanks were undergone the same 
process at sampling times of 20 minutes, 5 days, 15 days and 29 days.  
Leaching experiment in Chapter 6. Selected bio-oil model compounds (individual 
chemical or solution) as well as the water soluble fraction of bio-oil A was mixed with 
biochar in a mass ratio of 20:1 if not specified. The mixtures were then sealed in clean 
containers at room temperature for up to 7 days. After the leaching experiment was 
completed, the mixture was separated by a syringe with a 0.45 µm filter and the liquid 
phase was collected for subsequent analysis. The bio-oil water soluble fraction was 
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obtained by water addition into bio-oil in a mass ratio of 1:1 and collection of the 
upper layer after phase separation. Another two bio-oil water soluble fraction to 
biochar ratios (i.e. 29:1 and 40:1) were also employed for comparison with the ratio of 
20:1. Chapter 6 provides more details about mixture composition and liquid to solid 
ratios for the leaching study.  
Accelerated ageing experiment in Chapter 7 and Chapter 8. The accelerated ageing 
experiments of the bio-oil-based fuel blends were conducted according to a method 
stated elsewhere.
33,91
 Briefly, selected samples were sealed in clean Pyrex glass 
containers and placed in an oven at 80 °C for 24 h, which is equivalent to aging at 
room temperature for one year.
32
 Upon the completion of the experimental program, 
the samples were cooled rapidly in an ice bath. The mass of these samples before and 
after heating were then recorded to ensure insignificant volatile loss during heating. 
The aged samples together with the corresponding control samples were then 
subjected to subsequent analysis (i.e. viscosity, water content and acidity). 
3.3.3 Reactor Systems for Pyrolysis Experiment  
Pyrolysis in a fluidized bed reactor. Pyrolysis of 4–6 mm pine wood samples were 
carried out using a laboratory-scale fluidized-bed reactor (see Figure 3-3a) similar to 
the one used previously.
204
 Briefly, ∼500 g of high-purity silica sand (size of 125–
355 μm) was first loaded into the reactor and preheated to the pyrolysis temperature 
(i.e. 500 °C). Argon was used as a carrier gas, and its flow rate was adjusted to 
maintain proper fluidization of bed materials. The feeding rate of pine wood particles 
was adjusted at ∼1 g/min. Once feeding was completed, the reactor was lifted out of 
the furnace and cooled to room temperature, with argon continuously passing 
through the reactor. The biochar and sand particles were then collected from the 
reactor and gently sieved using a 1 mm screen to separate the biochar from the sand. 
Pyrolysis in a drop-tube/fixed bed reactor. A lab-scale drop-tube/fixed-bed 
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pyrolysis reactor (see Figure 3-3b) similar to the one used in a previous study 
205
 was 
used for producing biochar for studies in Chapters 5 and 6. Briefly, the quartz reactor 
was preheated to a pyrolysis temperature of 500 °C, with a stream of ultrahigh-purity 
argon (purity > 99.999%) flowing through the reactor at 1 L/min. The biomass 
sample (1–2 mm) was fed into the reactor at a feeding rate of ∼1 g/min, and the 
reactor was further held at the pyrolysis temperature for 10 min. Once the pyrolysis 
was completed, the reactor was lifted from the furnace to cool rapidly (with the 
ultrahigh-purity argon continuously flowing through the reactor) to room temperature 
under ambient conditions for sample collection.  
Argon
Argon  & biomass feeding












(a) Fluidized bed reactor system (b) Drop-tube/fixed bed reactor system
 
Figure 3-3 (a) Fluidized bed reactor system and (b) drop-tube/fixed bed reactor 
system  
  CHAPTER 3 
Properties of Bio-oil-Based Fuel Mixtures  47 
3.4 Instruments and Analytical Techniques  
3.4.1 Proximate and Ultimate Analysis 
The ultimate analysis of bio-oil or biochar samples was conducted using a CHN/O 
elemental analyzer (PerkinElmer 2400 series II model). The proximate analysis of 
biochar samples was conducted using a thermogravimetric analyzer (TGA; Mettler 
TGA/DSC 1 STAR model), following the procedure described in ASTM E870-82.
206
 
3.4.2 Quantification of Alkali and Alkaline Earth Metallic (AAEM) Species 
Existing ashing–digestion–IC method. This method has been extensively applied for 
quantification of AAEM species in low-rank solid fuels such as brown coal, biomass 
and biochar.
36,207-209
 Briefly, a known amount of a sample was placed in a platinum (Pt) 
crucible which was then subjected to a temperature-time program in air. The program 
includes multiple slow-heating and holding steps from room temperature to a 
termination temperature of 600 °C, originally purposely designed for biomass and 
biochar. The resulted ash was then digested in a mixture of HF acid and HNO3 acid (at 
a volume ratio of 1:1) at 120 
o
C for at least 12 hours. The solution after digestion was 
evaporated to remove residue acids and then dissolved in 20 mM methanesulfonic acid 
(MSA) for quantification of AAEM species using an ion chromatography (IC)  
(model: ICS 3000, column: CS12A, eluent: 20 mM MSA). This method was used for 
quantifying AAEM species in biochar samples throughout this study. 
New evaporation–ashing–digestion–IC method. This method is designed and 
developed based on the existing ashing–digestion–IC method. It deploys an additional 
step designed for the progressive evaporation of bio-oil vapors as a mean to avoid the 
loss of AAEM species that otherwise would occur during the ashing step. The 
establishment of this method is given in Chapter 4. This method was adopted for 
subsequent quantification of AAEM species in bio-oil or liquid samples. 
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Existing microwave–ICP method. This method combines microwave digestion of a 
sample to produce a solution and quantification of AAEM species in the solution via 
inductively coupled plasma−atomic emission spectrometry (ICP–AES). The analyses 
were conducted by ChemCentre (Perth, Australia,). Briefly, ~0.2 g sample was mixed 
with 20 mL mixture of HNO3 acid, HCl acid, and H2O (at a volume ratio of 10: 0.5: 
9.5), and digested following modified EN13805:2002/USEPA 3052 method.
210
 The 
digested solution was filtered (if cloudy) before being injected into ICP−AES for 
analysis. This method was only used in Chapter 4.  
3.4.3 Rheological Property and Viscosity 
The rheological properties of bio-oil samples were characterised using a rheometer 
(model: Haake Mars II) fitted with a cone-plate C35/4 sensor system. A sample size of 
~0.8 mL was used for each measurement. Steady shear tests were conducted to 
investigate the flow characteristic of bio-oil samples. Briefly, for a bio-oil sample, the 
shear rate was ramped up to 500 s
-1
, held for 30 s and then reduced down to 0 s
-1 
in 
order to study the time dependent characteristics of the sample. The viscosity was 
averaged from the data obtained in a range where the samples showed Newtonian 
behaviour. The measurement temperature was controlled by a Haake 
Thermocontroller TC501.  
3.4.4 Solid content, Water Content and Acidity 
The solid content of bio-oil was determined based on a procedure modified from VTT 
publication 306.
211
 Briefly, ~2 g bio-oil was dissolved in methanol and filtrated using 
three layers of filter paper (MN615, 4 μm pore size). The mass of solid retained on the 
filter paper was then used to determine solid content of the bio-oil. 
The water content of bio-oil was analysed using Karl-Fischer titration method detailed 
elsewhere.
95
 Briefly, ~0.25 g bio-oil was dissolved in a mixture of Hydranal methanol 
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and chloroform (volume ratio: 3:1), and titrated by Hydranal Composite 5K in a 
titrator (model: Mettler V30). The Hydranal working medium K was added to avoid 
fading of titration end point.  
The acidity of bio-oil was characterized by total acid number (TAN). To quantify the 
TAN of bio-oil samples, ~1 g bio-oil was dissolved in 50 mL acetone and then titrated 
by 0.1 M sodium hydroxide solution using MEP Oil Titrino plus 848.
212-214
 
3.4.5 Solubility of Liquid Fuel Blends and Optical Microscopic Analysis 
Solubility of glycerol or impurity-containing glycerol in the bio-oil was examined by 
optical microscopic analysis. Briefly, glycerol or impurity-containing glycerol was 
blended with the bio-oil sample, followed by gradually adding methanol until a 
homogenous phase similar to that of the bio-oil was observed under an optical 
microscope (model: Olympus SL 60/61). As bio-oil itself is a micro emulsion
111
 and 
the dark colour can mask the phase separation line, solubility of the 
(impurity-containing) glycerol–bio-oil mixtures is determined by obtaining 
homogenous microscopic picture similar to that of the bio-oil. The solubility tests 
were performed at room temperature (~25 °C), and a magnetic stirrer was used to 
ensure immediate and complete mixing of these components. The relative standard 
error for this solubility determination method is within 5% of methanol composition in 
the blends (on a weight basis). 
3.4.6 Surface Tension and Density  
The surface tension of liquid fuel samples was determined following Wilhelmy 
method on a surface tensiometer (KSV Sigma 701) fitted with a round platinum rod 
probe (diam. 1 mm).
28
 The bulk density was measured by a pycnometer (25 mL) with 
standard deviations less than 1%. Both surface tension and density measurements were 
carried out at room temperature (~25 °C). 
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3.4.7 FTIR and UV-Fluorescence Spectroscopic Analysis 
Fourier transform infrared (FTIR) spectroscopic analysis was performed to analyse the 
functional groups of selected samples using an attenuated total FTIR spectrometer 
(Perkin-Elmer Spectrum 100). Peak height ratios were calculated for quantitative 
analysis according to a method detailed elsewhere.
33
 
The ultra violet (UV)–fluorescence spectroscopic analysis was carried out using a 
spectrometer (model: PerkinElmer LS55) in a synchronous scan mode with a slit 





Bioslurry samples were prepared from bio-oil and biochar derived from fast 
pyrolysis of pine wood biomass. A suitable method for quantification of AAEM 
species in bio-oil and bioslurry was established and applied for subsequent analysis 
of AAEM species in bio-oil samples. Ageing of bioslurry and leaching of biochar by 
bio-oil model compounds were carried out at room temperature for designated period 
to investigate evolution of fuel properties and distribution of AAEM species during 
bioslurry storage. In addition to bioslurry samples, fuel blends prepared from bio-oil 
and glycerol in presence of methanol and other impurities in crude glycerol were also 
studied in order to provide guidance for integration of the fuel blending process with 
biodiesel production process. Accelerated ageing tests were conducted for the fuel 
blends to investigate the long term stability. Rheological properties and other fuel 
properties of the fuel samples were characterized using the analytical techniques 
describe in section 3.4, including viscosity, water content, acidity, density and surface 
tension etc. The fundamental understandings on the quality of the bio-oil derived 
slurry fuel and fuel blend were then achieved.
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CHAPTER 4 A METHOD FOR THE QUANTIFICATION OF 
ALKALI AND ALKALINE EARTH METALLIC SPECIES IN 
BIOSLURRY FUELS 
4.1 Introduction  
As reviewed in Chapter 2, fast pyrolysis technology converts biomass into 
high-energy-density fuels including biochar and bio-oil.
3,4,6,216-218
 A near-term strategy 
for bio-oil application is to produce bioslurry fuels via suspending fine biochar 
particles into bio-oil. Such a concept not only intensifies energy density of bio-oil, 
but also addresses the potential issues (dusty and/or spontaneous combustion) 
associated with biochar direct transport. Bioslurry was previouly attempted by 
commercial developers (e.g., Karlsruhe
23
) and subsequently investigated into 
rheological properties and other fuel properties (e.g., viscosity, surface tension and 
static stability).
25-28
 As a mixture of biochar and bio-oil, bioslurry contains abundant 
alkali and alkaline earth metallic (AAEM, mainly Na, K, Mg, and Ca) species. 
Transformation of these ash-forming species in fuels is important to reactor designs 
and product qualities,
82,219-221
 and responsible for various notorious ash-related issues 
during combustion and gasification.
37,134-143
 It is therefore of great significance to 
accurately quantify AAEM species in bioslurry fuels.  
Some methods for quantification of inorganic (including AAEM) species in biofuels 
are listed in Table 2-2 in Chapter 2. One approach for quantification of ash-forming 
species in fuels includes fuel oxidation (or ashing) to convert these species to ash, 
followed by acid digestion of the ash into solution then quantification using analytical 
instruments such as ion chromatography (IC) and/or inductively coupled 
plasma−atomic emission spectrometry (ICP–AES). In these methods (hereafter 
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referred to as “ashing–digestion–IC” or “ashing–digestion–ICP” methods), fuel 
sample ashing deploys a temperature-time profile using slow heating (up to 10 
o
C/min), 
multi-step holding and low temperatures (up to 600 
o
C) to avoid sample ignition, 
hence, reserve ash-forming species in the ash product. The subsequent ash digestion 
uses a mixture of hydrofluoric acid (HF) and nitric acid (HNO3). These enable 
complete oxidation, ~100% retention of ash-forming species in ash and complete ash 
digestion. Such methods have been proven to be useful in accurate quantification of 
inorganic (including AAEM) species in solid fuels such as brown coal, biomass, and 
biochar.
36,207-209
 However, it is still questionable whether such methods can be adopted 
to bioslurry because of the introduction of bio-oil into the fuel. It is doubtful if 100% 
of ash-forming species in bio-oil can be retained in the ash product after ashing using 
the ashing program because bio-oil is prone to ignition and the vapors produced upon 
bio-oil heating may also carry biochar particles out of the ashing crucible during 
ashing. On the other hand, because of its simplicity and easy operations, microwave 
digestion
33,222
 has been widely used for converting bio-oil into a suitable solution. The 
solution was then subsequently subjected to ICP–AES analysis for quantification of 
ash-forming species in bio-oil. However, such a method (hereafter referred to as 
“microwave–ICP” method) may not be applicable to quantify ash-forming species in 
bioslurry because microwave digestion is probably not able to completely digest the 
solid biochar particles present in bioslurry.  
Therefore, this chapter aims to examine whether these existing methods for 
quantification of ash-forming species in solid fuels can be directly applied to bioslurry 
fuels. The experimental program for such assessment is focused on the suitability of 
the ashing–digestion–IC method and microwave–ICP method for quantifying AAEM 
species in bioslurry. Furthermore, a new method was then developed for quantifying 
AAEM species in bioslurry fuels via incorporating an additional progressive 
evaporation step considering the presence of bio-oil in bioslurry. Table 4-1 shows the 
properties of bio-oil A, bio-oil B and the biochar sample used in this chapter.   
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Table 4-1 Properties of the bio-oil and biochar used in Chapter 4 
Samples Bio-oil A Bio-oil B Biochar 
Proximate analysis 
Water content (wt%, ar
a






















Ultimate analysis (wt%, daf
d
) 
C 42.64 40.48 86.21 
H 7.55 8.28 3.19 
N 0.22 0.30 0.16 
O
e
 49.59 50.94 10.44 
Viscosity (25
o
C, mPa·s) 112.5 57.3  
Solid content (wt%, ar
a
) 0.01 0.1  
TAN
f
 (mg NaOH/g bio-oil) 49.7 46.2  
a 




 not determined. 
d 





total acid number. 
4.2 Evaluation of the Ashing–Digestion–IC Method for Quantifying AAEM 
Species in Bioslurry Fuels 
Table 4-2 presents data on the concentrations of AAEM species in bioslurry fuels 
quantified by the ashing–digestion–IC method and the microwave–ICP method, along 
with the data for the bio-oil and biochar samples using the same methods. Three 
important findings can be observed. First, the concentrations of AAEM species 
(particularly K and Ca) in biochar quantified by the microwave–ICP method are 
considerably lower than those determined by the ashing–digestion–IC method. It was 
demonstrated that the ashing–digestion–IC method is able to accurately quantify 
AAEM species in brown coal, biomass and biochar.
36,207
 Therefore, such reduction in 
the concentrations of AAEM species shows that the microwave–ICP method 
underestimates the contents of AAEM species in biochar, possibly as a result of 
incomplete oxidation of biochar particles during microwave digestion under the 
experimental conditions. To prove this point, the solution obtained from biochar 
microwave digestion was evaporated at 60 
o
C to obtain a solid residue that was then 
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subjected to TGA analysis under air or argon atmosphere according to a procedure 
detailed elsewhere.
223
 Figure 4-1 presents the thermogravimetric (TG) curve and 
derivative thermogravimetric (DTG) curve of the solid residue, showing that the 
weight loss in air in temperature range of 350–530 
o
C is substantially higher than that 
in argon. This suggests the presence of un-oxidized carbonaceous materials
223
 in the 
solid residue. The incomplete oxidation of biochar by microwave digestion can be 
attributed to the high carbon content in biochar (see Table 4-1). The other is the 
absence of HF acid during microwave digestion. It is known that HF acid is essential to 
the complete digestion of Si-containing species when these compounds are present in 
samples.
224,225
 Therefore, the microwave–ICP method underestimates the 
concentrations of AAEM species in biochar (hence, bioslurry fuels) because of 
incomplete oxidation of biochar particles and/or incomplete digestion of AAEM 
species associated with Si-containing species.   
 
Figure 4-1Thermogravimetric (TG) curve (a) and derivative thermogravimetric (DTG) 
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Second, the Na concentration in the two bio-oil samples is below limitation of 
quantification (LOQ) of the microwave–ICP method, from which the concentrations 
of K, Mg, and Ca obtained are in reasonable agreement with those from the ashing–
digestion–IC method. The results show that although microwave digestion is unable to 
completely oxidize biochar, it can completely oxidize and digest the two bio-oil 
samples. Indeed, this is evidenced by the fact that the digested solution is clear
33
 and 
no solid residue can be observed after being evaporated at 60 
o
C. The suitability of 
microwave digestion for bio-oil samples was reported previously.
33,222
 This is 
understandable because bio-oil has a low carbon content and a high oxygen content 
(see Table 4-1). The microwave digestion is also conducted in a close system, so that 
the loss of AAEM species during digestion is minimized. In addition, the good 
agreement on the contents of AAEM species (mainly K, Mg, and Ca) obtained from 
the two methods implies that the ashing–digestion–IC method can also reasonably 
quantify the AAEM species in bio-oil. The loss of AAEM species (if any) from bio-oil 
during ashing process is therefore negligible, which provides the foundation of using 
the ashing–digestion–IC method or its improved method to quantify the AAEM 
species in bioslurry fuels. 
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Na  Method 1
a
 80±3 <10 <10 <10 <10 15 ±1 16±2 
 Method 2
b
 111.0±3.0 0.7±0.1 10.0±0.5 5.8±0.2 11.2±0.6 5.5±0.6 11.6±1.5 
 Method 3
c
  0.8±0.1 10.2±0.1 6.1±0.1 12.6±0.2 24.9±0.6 21.2±0.1 
K Method 1
a
 2850±50 13±1 38±2 175±15 360±10 630±10 365±45 
 Method 2
b
 3766.7±3.0 13.2±0.2 45.1±0.9 195.2±11.1 366.9±1.6 191.4±13.6 256.7±19.3 
 Method 3
c
  13.3±0.1 45.9±0.2 206.0±0.8 405.6±0.4 783.5±4.1 433.0±4.2 
Mg Method 1
a
 1100±10 3±1 32±1 66±7 135±5 235±5 150±20 
 Method 2
b
 1316.9±2.0 2.5±0.2 33.2±0.8 66.4±4.6 126.7±0.7 62.9±8.2 91.8±7.4 
 Method 3
c
  2.5±0.1 33.9±0.1 69.2±0.8 141.0±0.1 270.0±1.3 169.2±1.5 
Ca Method 1
a
 2950±50 21±2 187±7 175±15 360±20 712±65 578±53 
 Method 2
b
 3694.5±11.9 17.5±3.4 186.4±8.9 180.2±13.9 336.1±1.1 172.1±21.0 286.9±25.9 
 Method 3
c
  19.5±2.3 190.9±2.1 191.5±1.7 374.2±0.8 720.9±5.1 527.9±2.2 
a the microwave-ICP method. Data reported are calculated from repeated tests conducted by ChemCentre. b the ashing-digestion-IC method.  
c the evaporation-ashing-digestion-IC method with program 4. 
bioslurry A, 5% biochar, bioslurry A, 10% biochar, and bioslurry A, 20% biochar: bioslurry fuels prepared from bio-oil A at biochar-loading levels of 5 wt%, 10 wt%, and 20 wt% 
respectively; bioslurry B, 10% biochar: bioslurry fuel prepared from bio-oil B at a biochar-loading level of 10 wt%.  
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Third, the concentrations of AAEM species in bioslurry fuels quantified by the 
ashing–digestion–IC method are generally lower than those from the microwave–ICP 
method. This is particularly the case for bioslurry fuels with high biochar-loading 
levels (e.g., 10 and 20 wt%). As aforementioned, the microwave–ICP method already 
underestimates the concentrations of AAEM species in biochar because of incomplete 
oxidation of biochar particles. The even lower concentrations of AAEM species in 
bioslurry fuels quantified by the ashing–digestion–IC method indicate that, during 
ashing, at least part of AAEM species in the bioslurry samples was lost. For example, 
in presence of biochar at high loading levels, some of biochar particles may have been 
carried out of the crucible because of intensive evaporation. Clearly, the 
temperature-time program designed for biomass and biochar is not applicable to 
bioslurry fuels. Therefore, a new development is required to modify the existing 
ashing–digestion–IC method for quantifying AAEM species in bioslurry fuels. 
4.3 Design and Development of an Evaporation–Ashing–Digestion–IC Method  
As discussed in Section 4.2, apart from accurate quantification of AAEM species in 
biochar, the current ashing–digestion–IC method is also applicable to bio-oil, 
indicating that evaporation of bio-oil vapors results in negligible loss of AAEM 
species. In other words, the evaporated bio-oil vapors are most likely free of AAEM 
species. However, the ashing–digestion–IC method substantially underestimates the 
contents of AAEM in bioslurry fuels, possibly as a result of the carry-over of biochar 
particles during ashing. In other words, when the temperature-time program that is 
designed for the ashing of biomass and/or biochar is applied to bioslurry, it appears 
that the rapid evaporation of bio-oil in bioslurry also may carry some of the biochar 
particles out of the ashing crucible, leading to the loss of AAEM species. Therefore, 
incorporating a suitable evaporation step into the current ashing program is the key to 
adapting the ashing–digestion–IC method to bioslurry. Such an evaporation step must 
progressively evaporate bio-oil vapors slowly in order to avoid the carry-over of 
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biochar particles. Therefore, a so-called “evaporation–ashing–digestion–IC” method 
is therefore developed, with the detailed design illustrated in Figure 4-2. Essentially, 
the new method consists of four steps, including (1) homogeneous sampling, (2) 
progressive evaporation followed by ashing, (3) acid digestion, and (4) quantification 
by IC. Whereas other steps are consistent with those of the ashing–digestion–IC 
method,
36,207-209
 key innovation of the evaporation–ashing–digestion–IC method is the 
smart design of a suitable bio-oil evaporation step. The design of such a step must not 
only convert a bioslurry fuel into a residue (solid-like) via evaporation accompanied 
with carbonization, but also avoid the carry-over of biochar particles, so that the 
process must be slow (i.e. progressive). In this way, the solid-like residue after the 
progressive evaporation can then be subjected to the subsequent ashing that 
completely oxidizes and converts the solid-like residue into ash to achieve 100% 
retention of AAEM species. 
The design of such a progressive evaporation step therefore must be based on the 
evaporation, pyrolysis and also combustion behavior of bio-oil. It is known that bio-oil 
is a complex mixture of water and various organic compounds plus a small amount of 
inorganic matter.
34,107
 Previous TGA analysis suggests that, upon heating in air 
atmospheres, there are three distinct stages of bio-oil transformation, including 
evaporation of water and light volatile compounds, cracking of heavy compounds and 
formation of secondary char, and combustion of the secondary char.
226-228
 It was 
reported that significant weight loss (over 70%) of bio-oil takes place at temperatures 
below 277 
o
C, where secondary char is formed.
226-232
 Therefore, in this study, it is 
plausible to set the upper temperature of the progressive evaporation step to be 277 
o
C.  
To ensure the evaporation of bio-oil is indeed progressive and slow, it is also essential 
to design and deploy necessary temperature intervals according to boiling points of the 
major compounds present in bio-oil. Figure 4-3 presents boiling points of major 
bio-oil compounds based on data reported by Branca et al.
228
 It can be seen that the 
major compounds in bio-oil can be fractioned into five groups in the temperature range 
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of room temperature to 277 
o
C according to their boiling points.
228
 Correspondingly, 
the five segment temperatures (i.e. 87, 127, 177, 227, and 277 
o
C, respectively) are 
then chosen in the design of five temperature-time program for evaporation shown in 
Figure 4-4. These five programs are designed and evaluated to determine the optimum 
evaporation conditions that minimize biochar carry-over and consume less time. In 
Program 1, the bioslurry sample is directly heated from room temperature to 277 
o
C at 
a heating rate of 10 
o
C/min. The program is consistent with the ashing program of the 
ashing–digestion–IC method and used for benchmarking. Program 2 also employs 
direct heating but lowers the heating rate to 5 
o
C/min. Programs 3−5 apply the five 
segment temperatures identified in Figure 4-3 but employ different heating rate (1–5 
o
C/min) and holding time (10–30 mins) at each segment temperature. As the weight 




 air is used during the whole process of progressive evaporation and 
subsequent combustion. During the experiment, around 0.5 g bio-oil or bioslurry is 
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Figure 4-2 Schematic diagram of the evaporation-ashing-digestion-IC method for the 
quantification of AAEM species in bioslurry fuels 
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Figure 4-4 Design of five different progressive evaporation programs used in the 
evaporation-ashing-digestion-IC method 
4.4 Application of the Evaporation-Ashing-Digestion-IC Methods in 
Quantification of AAEM Species in Bioslurry Fuels 
The evaporation–ashing–digestion–IC method was then applied to quantify AAEM 
species in bioslurry samples, using the five evaporation programs. Similar analyses 
were also conducted for bio-oil samples. As shown in Figure 4-5, the concentrations of 
AAEM species in bio-oil are insensitive to the evaporation program used, further 
confirming that the loss of AAEM species during bio-oil evaporation is negligible. 
However, the data in Figure 4-6 show that the concentrations of AAEM species in 
bioslurry samples are strongly dependent on the evaporation program used. Therefore, 
this clearly suggests the critical importance of both heating rate and progressive 
temperature control during bioslurry evaporation.  
Program 1 substantially underestimates concentrations of AAEM species for all of the 
bioslurry fuels studied, apparently because of both the direct heating from room 
temperature to 277 °C without holding at key segment temperatures and also the high 
heating rate employed (i.e. 10 
o
C/min). It seems that a large amount of bio-oil 
 








Program1: heating rate-10 
o
C/min; holding time-30 min
Program 2: heating rate-5 
o
C/min; holding time-30 min
Program 3: heating rate-5 
o
C/min; holding time-10 min
Program 4: heating rate-5 
o
C/min; holding time-30 min
Program 5: heating rate-1 
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compounds can be simultaneously evaporated under the conditions, leading to the 
carry-over of biochar particles and consequent underestimation of AAEM species in 
bioslurry. Indeed, when the heating rate is reduced from 10 to 5 
o
C/min, Program 2 
appears to be capable of minimizing such carry-over and becoming sufficient for the 
quantification of AAEM species in all bioslurry fuels other than bioslurry A with 20 wt% 
biochar loading.  
 
Figure 4-5 Concentration of (a) Na, (b) K, (c) Mg, and (d) Ca in the bio-oil quantified 
using the evaporation-ashing-digestion-IC method with five different evaporation 
programs 
However, in addition to a slow heating rate (e.g., 5 
o
C/min), progressive temperature 
control via holding at key segment temperatures during the process of evaporation is 
also required for quantification of AAEM species in bioslurry with high 
biochar-loading levels (i.e. bioslurry A with 20 wt% biochar, see panels i–l of Figure 
4-6). For bioslurry A with 20 wt% biochar, the AAEM concentrations quantified by 
Program 2 are considerably lower than those quantified by Programs 3−5. It should be 
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employs progressive temperature control (i.e. holding 10 min at each segment 
temperature, see Figure 4-4). The substantial differences in the concentrations of 
AAEM species between Programs 2 and 3 clearly indicate that both slow heating (5 
o
C/min or below) and holding at key segment temperatures (10 mins or longer) must 
be adapted in the design of the temperature-time program for effective progressive 
evaporation. Such temperature-time program is essential to enabling slow evaporation 
and carbonization of bioslurry without the carry-over effect. Clearly, the results also 
imply that increasing biochar-loading level may intensify its carry-over during 
bioslurry evaporation, possibly because of an increase in biochar particle population in 
bioslurry and also a decrease in bioslurry mobility.
27
  
A further decrease in heating rate from 5 to 1 
o
C/min and an increase of holding time 
from 10 to 30 min appear to be not necessary because there are little changes in the 
concentrations of AAEM species quantified by Programs 3–5. Therefore, considering 
the quality of results and the time required, program 4 is recommended as the optimum 
progressive evaporation program for all of the bioslurry fuels studied under the 
experimental conditions. The concentrations of AAEM species obtained from 
program 4 are then used as representative values quantified by the evaporation–
ashing–digestion–IC method as presented in Table 4-2. Figure 4-7 further shows that 
the measured concentrations of AAEM species in bioslurry fuels are in good 
agreement with the estimated values that are calculated based on the AAEM 
concentrations in bio-oil and biochar, considering their mass fractions in the bioslurry 
samples. Therefore, direct quantification of AAEM species in bioslurry fuels eases 
analytical work in bioslurry central unitization plants, because separate analysis of 
bio-oil and biochar is not required. In addition, the evaporation–ashing–digestion–IC 
method (Program 4) can also be used for quanitfying AAEM species in either biochar, 
bio-oil or bioslurry fuels.
  CHAPTER 4 
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Figure 4-6 Concentrations of Na, K, Mg, and Ca in the bioslurry fuels quantified by the evaporation-ashing-digestion-IC method with 5 different 
evaporation programs for bioslurry prepared from bio-oil A with biochar loading of 5 wt% (panels a-d), 10 wt% (panels e-h), and 20 wt% (panel i-l) 
and bioslurry prepared from bio-oil B with biochar loading of 10 wt% (panels m-p) 
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Figure 4-7 Comparison of measured and estimated values of AAEM concentration in 
bioslurry fuels quantified by the evaporation-ashing-digestion-IC method with 
program 4 
4.5  Further Discussion 
The evaporation–ashing–digestion–IC method offers at least three advantages. First, 
the method achieves effective ashing while also retaining the AAEM species in the ash. 
This is clearly shown in Table 4-2, where the concentrations of AAEM species 
quantified by the evaporation–ashing–digestion–IC method are higher than those 
obtained from the microwave digestion–ICP method, especially for bioslurry with 
high biochar-loading level (e.g., 20 wt%). This also points to the issue of incomplete 
oxidation of biochar in bioslurry samples by microwave digestion (see Figure 4-1). 
Second, the relative standard errors of the evaporation–ashing–digestion–IC method 
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are generally within 3%, which is much smaller than those (13%) of the 
microwave–ICP method. The reason is that, to prevent explosion, the sample amount 
is limited to 0.2 g or less during microwave digestion (see Section 3.4.2). This is 
considerably smaller than that of the evaporation–ashing–digestion–IC method (~0.5 
g, see Section 4.3).  
Third, the limitation of quantification (LOQ) of the evaporation–ashing–digestion–IC 
method is also low (0.4−3.0 ppm) depending upon the AAEM species. LOQ is 
calculated as the instrument detection limit times the final solution volume divided by 
the sample size, as reported in the literature.
233
 The calculated LOQ for AAEM 
species using the evaporation–ashing–digestion–IC and microwave-ICP methods are 
presented in Table 4-3, because both methods are suitable for bio-oil analysis. The 
evaporation–ashing–digestion–IC method yields a lower LOQ for all AAEM species. 
In comparison to the results from the microwave–ICP method, the lower LOQ of the 
evaporation–ashing–digestion–IC method can be mainly attributed to the larger 
sample size and smaller acid volume used in the method. As aforementioned, the 
sample size used in the evaporation–ashing–digestion–IC method is twice as that used 
in the microwave–ICP method. Therefore, a lower LOQ of the evaporation–ashing–
digestion–IC method can be expected. In addition, the microwave–ICP method 
requires considerably more acid (~20 mL) than the evaporation–ashing–digestion–IC 
method (~4 mL), which contributes to a higher background because of the impurities 
inevitably presented in the acids used.  
Table 4-3 Limitations of quantification (LOQ) for the microwave-ICP and 
evaporation–ashing–digestion–IC methods 
Method LOQ (ppm) 
 Na K Mg Ca 
microwave-ICP method 10 1 2 20 
evaporation–ashing–digestion–IC method 0.7 0.4 0.6 3.0 
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4.6 Conclusions  
This study develops a new evaporation–ashing–digestion–IC method that is capable of 
quantifying AAEM species in bioslurry fuels. The method consists of four steps: 
evaporation converting biolsurry into a solid-like residue, ashing converting the 
residue into ash, acid digestion dissolving the ash into a solution and IC analysis 
quantifying the AAEM species in the solution. It is developed from the conventional 
ashing–digestion–IC method that is designed for quantifying AAEM species in solid 
fuels but underestimates these values in bioslurry fuels because of the carry-over of 
biochar particles during ashing. The new method includes an evaporation step that 
consists of multiple segments (slow heating and holding) at temperatures 
corresponding to the boiling points of the major compounds in bio-oil for avoiding the 
carry-over of biochar particles. The method can accurately determine the 
concentrations of AAEM species in bioslurry fuels with various biochar loading levels 
(5–20 wt%). The relative standard errors are small (within 3%) and the limitations of 
quantification are low (0.4−3.0 ppm). In comparison to the conventional methods 
based on microwave digestion, the new method also overcomes the biochar 
incomplete oxidation issue that leads to considerable underestimation of the 
concentrations of AAEM species. 
 
Reprinted with permission from (Mingming Zhang, Xiangpeng Gao, and Hongwei 
Wu. A Method for the Quantification of Alkali and Alkaline Earth Metallic Species in 
Bioslurry Fuels, Energy & Fuels 2013, 27, 6823-6830). Copyright (2013) American 
Chemical Society.
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CHAPTER 5 FUEL PROPERTIES EVOLUTION AND AGEING 
DURING BIOSLURRY STORAGE  
5.1 Introduction 
A series of recent studies on bioslurry fuel by Wu et al
24,27,28,182
 have shown that a 
bioslurry supply chain is economically viable, the energy and carbon footprints of 
bioslurry fuel from mallee biomass are small, and bioslurry fuels prepared from fresh 
bio-oil or bio-oil rich fraction have desired fuel and rheological properties for 
stationary applications. However, bio-oil, as one of the two major components used 
for preparing bioslurry fuels, is well known for its ageing during storage at room 
temperature or short time at elevated temperature.
29-33
 Bio-oil ageing leads to changes 
in viscosity, water content, homogeneity, and acidity of bio-oil which are important 
characteristics to be considered for fuel application.
18,22
 It is known that bio-oil ageing 
is closely associated with underlying chemical reactions occurred in bio-oil and also 
can be exacerbated at elevated temperature and potentially catalyzed by inherent 
catalytic species [particularly alkali or alkaline earth metallic (AAEM) species].
34,35
 
However, little work has been performed thus far on the ageing, hence the changes in 
properties of bioslurry fuels during storage. Particularly, it is largely unknown how 
bioslurry fuel stability and rheological properties will evolve with time during 
storage. It is also unclear what roles the large quantity of biochar presented in a 
bioslurry can play in the ageing and chemical stability of the bioslurry fuel.  
Therefore, this chapter focuses on fuel properties evolution and the ageing of bioslurry 
fuels during storage. The ageing experiments of bioslurry fuels at room temperature 
were carried out, considering a series of biochar loading levels. Sampling was 
periodically performed for the bioslurry samples in the process of ageing at various 
lengths of periods up to 29 days. The collected bioslurry samples were separated into 
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solid and liquid samples which were subsequently subjected to an array of analyses, 
including those for rheology, viscosity, water content, total acid number (TAN) and 
concentrations of AAEM species. Table 5-1 presents the properties of filtered bio-oil 
A, filtered bio-oil B and the biochar samples used in this chapter.  
Table 5-1 Properties of the bio-oil (filtered) and biochar samples used in Chapter 5 
Samples Bio-oil A Bio-oil B Biochar 
Proximate analysis 
Water content (wt%, ar
a






















Elemetal analysis (wt%) 
C
a,d
 42.76 40.22 79.51 
H
a,d
 7.26 7.51 2.68 
N
a,d
 0.29 0.31 0.14 
O
e
 49.69 51.96 17.67 
Na
a,b
 0.0001 0.0010 0.0101 
K
a,b
 0.0014 0.0047 0.3771 
Mg
a,b
 0.0002 0.0035 0.1364 
Ca
a,b
 0.0014 0.0179 0.3504 
Viscosity (40 °C, mPa·s) 54.3 28.8  
TAN
f
 (mg NaOH/g bio-oil) 49.1 46.3  
a 
as received basis for bio-oil. 
b 
dry basis for biochar. 
c
 not determined. 
d 
dry and 
ash free basis for biochar. 
e
 by difference. 
f 
total acid number. 
 
5.2 Evolution of Rheological Characteristics of Bio-oil in Bioslurry during 
Storage 
Figure 5-1 presents the experimental data on the evolution of rheological 
characteristics of bio-oil in bioslurry during storage. The data in Figure 5-1 show that 
the shear stress and viscosity changes as a function of shear rate. All the bio-oil 
samples exhibit slight shear-thinning characteristics at a shear rate less than 50 s
-1
 but 
overall the fluid behaviours are predominantly Newtonian. This is consistent with the 
findings reported previously.
27,28
 The shear thinning behaviour below 50 s
-1
 may be 
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attributed to the break-down of gel structure of the bio-oil because waxy materials are 
known to present in softwood pyrolysis liquid.
111
 Although a thixotropic characteristic 
was expected from such material as the gel structure being destructed and reorganized, 
the hysteresis loop of all of the bio-oil samples are generally insignificant, as indicated 
in Figure 5-2. The slightly higher shear stress along the downward ramp than along the 
upward ramp may be due to slight evaporation of some light molecules at 40 °C during 
analysis. The viscosity of bio-oil samples as function of the storage time is presented 
in Figure 5-3. The change in viscosity of the blank bio-oil samples is negligible over 
the storage of 29 days. This is likely due to the long term (over 6 months) preservation 
of the bio-oil samples before use. A previous study
32
 has shown that the changes in the 
properties of a fast pyrolysis bio-oil from forestry residue were significant in the first 
month after production and the change rate diminished gradually and levelled off after 
6 months. In another study,
91
 the variation in viscosity retarded after 65 days for a 
bio-oil produced from a softwood bark.  
However, there are some interesting observations from the data presented in Figure 
5-1 and Figure 5-3. There are significant decreases in the viscosity of the bio-oil 
samples separated from the bioslurry samples after various periods of ageing. After 29 
days, the viscosity decreases by approximately 36 and 27% for bio-oil A and B 
respectively.  This clearly demonstrates the significant effect of biochar particles on 
bioslurry ageing during storage. In the literature, it was generally considered that the 
inherent soot-like particles present in bio-oil, as inevitable results of bio-oil 
condensation and collection from the pyrolysis reactor systems, increase bio-oil 
viscosity during ageing.
33,35,234
 However, the findings in this study (as shown in Figure 
5-1 and Figure 5-3) clearly suggest that the biochar particles mixed into bio-oil for 
producing bioslurry fuels have an opposite effect on the rheology and viscosity of the 
bio-oil phase during bioslurry storage. Therefore, efforts were then taken to carry out 
further work for understanding this interesting observation, as reported in subsequent 
sections. 
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1: Bio-oil A, blank, 29 days
2: Bio-oil from Bioslurry A, 10% biochar, 0.028 day
3: Bio-oil from Bioslurry A, 10% biochar, 0.08 day
4: Bio-oil from Bioslurry A, 10% biochar, 5 days





















































1:  Bio-oil B, blank, 29 days
2: Bio-oil from Bioslurry B, 10% biochar, 0.014 day
3: Bio-oil from Bioslurry B, 10% biochar, 0.028 day
4: Bio-oil from Bioslurry B, 10% biochar, 1 day





















Figure 5-1 Shear stress and apparent viscosity of bio-oil samples as a function of shear 
rate. Bioslurry A and Bioslurry B, both of which have a 10 wt% biochar, were prepared 
from bio-oil A and bio-oil B, respectively. The data for the blank bio-oil samples are 
presented in the same panel with the bio-oil separated from bioslurry samples (panel a 
and b for bio-oil A; panel c and d for bio-oil B). Only the bio-oil blanks stored for 29 
days are presented here 
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1: Bio-oil A, blank, 29 days
2: Bio-oil from Bioslurry A, 10% biochar, 0.028 day
3: Bio-oil from Bioslurry A, 10% biochar, 0.08 day
4: Bio-oil from Bioslurry A, 10% biochar, 5 days






























1:  Bio-oil B, blank, 29 days
2: Bio-oil from Bioslurry B, 10% biochar, 0.014 day
3: Bio-oil from Bioslurry B, 10% biochar, 0.028 day
4: Bio-oil from Bioslurry B, 10% biochar, 1 day
























Figure 5-2 Thixotropic behaviour of bio-oil samples. Bioslurry A and Bioslurry B, 
both of which have a 10 wt% biochar, were prepared from bio-oil A and bio-oil B, 
respectively. The data for blank bio-oil samples are presented in the same panel with 
the bio-oil phases separated from bioslurry samples (panel a for bio-oil A; panel b for 
bio-oil B). Only the bio-oil blanks stored for 29 days are presented here 















































Bio-oil from Bioslurry B, 10% biochar
 
Figure 5-3 Evolution of viscosity of bio-oil during bioslurry storage. Bioslurry A and 
Bioslurry B, both of which have a 10 wt% biochar, were prepared from bio-oil A and 
bio-oil B, respectively. The data for the blank bio-oil samples are presented in the same 
panel with the bio-oil separated from bioslurry samples (panel a for bio-oil A; panel b 
for bio-oil B) 
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5.3 Evolution of Water Content and TAN of Bio-oil in Bioslurry during Storage 
Figure 5-4 presents the data on the evolution of the water content of both the blank 
bio-oil and the bio-oil phase in bioslurry as a function of the storage time. There is 
little change in the water content of the blank bio-oil sample during the whole period 
of storage up to 29 days, consistent with the results reported in the previous section. 
However, the water content of the bio-oil phase in bioslurry exhibits a rapid increase 
within the first 24 hours, and such an increase levels off with further storage. After 29 
days of storage, the increases in the water content of the bio-oil phase in bioslurry 
prepared from bio-oil A and bio-oil B with 10% biochar loading are approximately 2.8 
and 2.3%, respectively. It is known that the viscosity of bio-oil strongly depends on the 
water content of bio-oil, and an increasing water content leads to a decrease in the 
viscosity of bio-oil.
35,235
 Therefore, the data on the increment in the water content of 
bio-oil phase in bioslurry during storage are consistent with (and at least partially 
explains) the reduction in the viscosity of the bio-oil phase in bioslurry (see Figure 
5-1and Figure 5-3).  















































Bio-oil from Bioslurry B, 10% biochar
 
 
Figure 5-4 Evolution of water content of bio-oil during bioslurry storage. Bioslurry A 
and Bioslurry B, both of which have 10 wt% biochar, were prepared from bio-oil A 
and bio-oil B, respectively. The data for the blank bio-oil samples are presented in the 
same panel with the bio-oil separated from bioslurry samples (panel a for bio-oil A; 
panel b for bio-oil B) 
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Bio-oil from Bioslurry B, 10% biochar
 
Figure 5-5 Evolution of TAN of bio-oil during bioslurry storage. Bioslurry A and 
Bioslurry B, both of which have a 10 wt% biochar, were prepared from bio-oil A and 
bio-oil B, respectively. The data for the blank bio-oil samples are presented in the same 
panel with the bio-oil separated from bioslurry samples (panel a for bio-oil A; panel b 
for bio-oil B) 
Figure 5-5 further plots the changes in TAN of the bio-oil samples as function of the 
storage time. The TAN of the blank bio-oil samples remain unchanged, attributed to 
similar reasons given in the previous section for little change in the viscosity of blank 
bio-oils. However, for the bio-oil samples separated from the bioslurries after various 
ageing period, the values of TAN rapidly decrease within the first 24 hours after 
biochar particles suspended into bio-oil and level off with further storage. It is also 
noted that, while the initial TAN of the blank bio-oil A is higher than that of the blank 
bio-oil B (see Table 5-1), the reduction in the TAN of the bio-oil A separated from 
bioslurry fuels during storage is contrarily smaller than that of the bio-oil B. The 
reductions in the TAN are approximately 4 and 7% for bio-oil A and bio-oil B, 
respectively, suggesting the difference in the reactivity of the acid compounds in these 
two bio-oils.  
When the data in Figure 5-1–Figure 5-5 are taken together, the results reported in this 
study demonstrate that suspending biochar into bio-oil for producing bioslurry fuels 
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leads to important changes in the properties of bio-oil phase of bioslurry fuels during 
storage. There are several mechanisms possibly responsible for the observed ageing 
behaviour of bioslurry fuels. First, it is well-known that bio-oil is a complex mixture 
with hundreds of organic compounds including acids, alcohols, aldehydes, ketones, 
furans, esters, phenols, sugars and compounds with multiple functional groups.
34
 The 
reactions among these chemicals can occur during bio-oil storage with or without a 
catalyst, with possible reactions responsible for water increase including esterification, 
acetalization and polycondensation reactions.
20,31,34
 Acetalization and 
polycondensation reactions are known to be catalysed by salts (chlorides, sulphate, 
phosphate etc.), especially salts of divalent metals such as calcium and 
magnesium.
34,236
 Biochar contains abundant inherent inorganic species (see Table 5-1), 
which can potentially act as such catalysts for bioslurry ageing during storage. Second, 
esterification of acid and alcohol or olefin compounds is a well-recognized reaction 
responsible for acidity decrease and water increase during bio-oil ageing; however, 
such a reaction is very slow at room temperature without catalysts, and catalysts for 
esterification are usually acidic.
34,237,238
 Therefore, there is the possibility that acidic 
functional groups presented on the surface of biochar
239,240
 can catalyse this reaction 
and, hence, promote bioslurry ageing during storage. Third, biochar also contains 
basic functional groups on the surface and, overall, is generally alkaline,  with 
inherent inorganic compounds also contributing to biochar alkalinity.
241,242
 The pH of 
the biochar used in this study is 8.4, measured by suspending char in water (1:20 of 
biochar to water based on weight). Therefore, the acidic bio-oil can react with some 
basic functional groups (e.g., ketones, pyrones and chromens) on biochar surface
240
 or 
with inorganic species in biochar,
242
 leading to a reduction in TAN and an increase in 
water content of the bio-oil phase in bioslurry during storage. A reduction in TAN is 
the direct result of the consumption of H
+
 in the bio-oil phase of bioslurry during 
storage. On the basis of the data in Figure 5-4 and Figure 5-5, even assuming all the 
consumption of H
+
 only leads to the formation of water, which is unlikely considering 
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part of H
+
 may participate in other reactions, such as ion exchange, the total H
+
 
consumption (estimated based on the reduction in TAN in Figure 5-5) can only 
account for a small proportion (<5%) of the observed increase in water content (see 
Figure 5-4). Therefore, acetalization and/or polycondensation among organic 
compounds in bio-oil appear to be the dominant mechanisms for the increase in the 
water content of the bio-oil phase during bioslurry storage. 
5.4  Redistribution of AAEM Species between Biochar and Bio-oil during 
Bioslurry Storage 
Figure 5-6 presents the data on the leaching of Na, K, Mg and Ca out of the biochar in 
the bioslurry samples over the period of 29 days for bioslurry storage. The data show 
that substantial amounts of AAEM species can be leached from the biochar during 
bioslurry storage. This is expected because acid washing is known to remove some of 
the AAEM species in biochar
36
 and the bio-oils are acidic (see Figure 5-5). Figure 5-6 
also indicates that higher quantities of the AAEM species can be leached from the 
biochar in bioslurry prepared from bio-oil B compared to those from bio-oil A, 
reflecting the different actions resulting for the difference in both the acid strength of 
the organic acids and the contents of water in these two bio-oils.  
Further efforts were taken to investigate the evolution of the concentrations of AAEM 
species of bio-oil as a function of the storage time. The data in Figure 5-7 indicate that 
after 29 days of bioslurry storage, the leaching of Na, Mg and Ca from the biochar in 
the bioslurry samples approaches equilibrium while the leaching of K still proceeds at 
a very slow rate. A plot of ln 𝐶/𝐶0  versus time (see the details of the method given 
elsewhere
243
) can provide useful insights into the leaching kinetics and mechanisms. 
As shown in Figure 5-8, the leaching of AAEM species from the biochar present in the 
bioslurry samples exhibits two leaching steps, including a rapid leaching step in first 
24 hours and a subsequent slow leaching step during the remaining period of storage. 
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The first rapid leaching step can be attributed to the dissolution of some inorganic 
components (e.g., salts), which are soluble in the water or organic solvents present in 
the bio-oil phase of the bioslurry samples. The second slow leaching step is most likely 
due to the leaching of organically bound AAEM species via ion exchange with organic 
acid presented in the bio-oil phase of the bioslurry samples. It is also noted that the 
leaching rate of K appears to be slower than those of Na, Mg and Ca. While the exact 
reasons are unknown, one of the possibilities is that K may be present in the biochar in 
the form of intercalation in carbon matrix, thus retarding the leaching rate of K.
244-246
  









































Figure 5-6 Percentage of AAEM species leached from biochar after the storage of 
bioslurry samples for 29 days. Bio-oil A and Bio-oil B in the legends indicate the data 
for bioslurry A and bioslurry B samples, both of which have a biochar loading level of 
10% (based on weight) and were prepared from bio-oil A and bio-oil B, respectively 
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Figure 5-7 Evolution of the concentrations of AAEM species in the bio-oil phase 
during bioslurry storage. Bioslurry A and bioslurry B, both of which have 10% biochar 
(based on weight), were prepared from bio-oil A and bio-oil B respectively. The data 
for the blank bio-oil samples are presented in the same panel with those for the bio-oil 
phase separated from bioslurry fuels. Panels a–d are for Na, K, Mg and Ca in bio-oil A 
and panels e–h are for Na, K, Mg and Ca in bio-oil B, respectively 
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Figure 5-8 Plot of -ln(C/C0) as a function of the storage time, with panels a–d for Na, 
K, Mg and Ca in the bio-oil separated from bioslurry A with 10 wt% biochar; and 
panels e–h for Na, K, Mg and Ca in the bio-oil separated from bioslurry B with 10 wt% 
biochar. Bioslurry A and bioslurry B were prepared from bio-oil A and bio-oil B, 
respectively 
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Some calculations were then carried out to estimate the consumption of organic acids 
in the bio-oil phase and the quantity of AAEM species (Na + K + 2Mg + 2Ca) leached 
from biochar. Even with a conservative assumption that all of the AAEM species are 
leached via ion exchange, it is interesting to note that the total quantity of acid needed 
for ion exchange contributes merely up to ~7% of the total reduction in the TAN of the 
bio-oil phase during bioslurry storage. Because not all AAEM species leached from 
the biochar is via ion exchange, the actual amount of acid took part in the leaching 
process is therefore small. Therefore, the data further confirm that the reduction in the 
TAN of the bio-oil phase is dominantly due to reactions of acidic bio-oil with basic 
functional groups on biochar surface or catalysed esterification within bio-oil, as 
discussed in the previous section. Although the fact that the sharp increase in the 
concentrations of AAEM species in the bio-oils in the first day coincides with a 
significant decline in the TAN of the bio-oils in the first day may suggest leaching of 
AAEM species causing significant reduction in TAN of bio-oil, this simple calculation 
suggests otherwise. 
5.5  Further Discussion and Practical Implications 
Figure 5-9 shows that an increase in the biochar loading level results in an increase in 
the quantity of AAEM species leached from the biochar into the bio-oil phase during 
bioslurry storage. The figure shows that the leaching of AAEM species correlates well 
with the biochar/bio-oil ratio in bioslurry. Figure 5-10 presents the distribution of 
AAEM species between the biochar and the bio-oil phase in the bioslurry samples at 0 
and 29 days of storage. The results show that substantial quantities of AAEM species 
can be leached from the biochar into the bio-oil phase and such leaching increases with 
increasing biochar loading in bioslurry. Therefore, it is likely that solubility of AAEM 
species in the bio-oil phase is not the limiting factor for the leaching of AAEM species 
from the biochar during bioslurry storage. Additionally, while substantial quantities of 
AAEM species can be leached from the biochar into the bio-oil phase, the majority of 
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AAEM species in the bioslurry is still distributed in the biochar.  
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Biochar to bio-oil ratio  
Figure 5-9 Concentrations of AAEM species in the bio-oil phase as a function of 
biochar to bio-oil ratio (biochar/bio-oil, based on weight) in bioslurry prepared from 
bio-oil A. A biochar to bio-oil ratio of zero represents the blank bio-oil sample 
An increase in the amount of the biochar added into the bio-oil during bioslurry 
preparation results in a decrease in the TAN value and an increase in the water content 
of the bio-oil phase after 29 days of bioslurry storage. As shown in Figure 5-11(b), 
both the TAN and the water content of the bio-oil phase correlates almost linearly with 
the biochar/bio-oil ratio. It should be noted that the increase of water content 
normalized to initial water content in blank bio-oil (~13%) is considerably higher than 
the decrease of TAN normalized to initial TAN in blank bio-oil (~5%). This indicates 
that the loading of biochar into bioslurry fuels has a more profound effect on the water 
content than the TAN of bioslurry fuels. As discussed previously, acetalization and/or 
polycondensation are the dominant mechanisms responsible for the increase in the 
  CHAPTER 5 
Properties of Bio-oil-Based Fuel Mixtures  82 
water content and these reactions can be catalysed by inorganic species present in the 
bioslurry fuels. Therefore, it appears that an increase in biochar loading leads to the 
increased availability of such catalysts for the acetalization and/or polycondensation 
reactions during bioslurry ageing. This is supported by the data in Figure 5-11(a), 
which clearly shows that the viscosity of the bio-oil phase in bioslurry decreases with 
increasing biochar loading. In addition, the viscosity of the bio-oil versus the ratio of 
biochar to bio-oil in bioslurry follows a power-law correlation. A similar correlation 
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Figure 5-10 Distribution of Na, K, Mg and Ca between biochar and bio-oil phase 
within bioslurry samples prepared from bio-oil A at various biochar loading levels of 5, 
10, 15 and 20% (based on weight). Legend: 0D, after storage for 0 day; 29D, after 
storage for 29 days 
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Figure 5-11 Viscosity, water content and TAN of bio-oil phase as a function of the 
biochar/bio-oil ratio (based on weight) in bioslurry prepared from bio-oil A (after 
storage for 29 days) 
The results reported in this study have some important implications. Even at room 
temperature, the storage of bioslurry clearly leads to the ageing of the fuel, resulting in 
reductions in TAN and viscosity of the bio-oil phase, an increase in water content of 
the bio-oil phase and the leaching of AAEM species from the biochar into the bio-oil 
phase. The presence of biochar makes the ageing of bioslurry fuels more severe. The 
reduction in the viscosity of the bio-oil in bioslurry is favourable to the atomisation of 
bioslurry fuels.
22,29
 The reduction in TAN of the bio-oil phase in bioslurry fuels is also 
favourable.
18
 However, even at 15% biochar loading, after storage for 29 days, the 
bio-oil phase is still acidic. It is well-known that the release of inherent AAEM species 
is one of the major concerns related to the combustion of biomass-based fuels, because 
of ash-related issues such as fouling, sintering, deposition and particulate matter (PM) 
emissions.
37,136,139,208,247
 Therefore, the significant leaching of AAEM species from the 
biochar into the bio-oil phase during bioslurry storage causes at least two undesired 
consequences during practical applications of bioslurry fuels. One is that the AAEM 
species in biochar leached into bio-oil phase would be prone to be released as part of 
volatiles, resulting in an increase in fine PM emission (particularly PM1 emission
139
) 
during bioslurry combustion. The other is that the AAEM species are known to be 
good catalysts for biochar/biomass combustion/gasification,
36,248,249
 the leaching of 
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these inherent species from biochar leads to unwanted loss of catalysts for 
combustion/gasification reaction, hence adverse effects on biochar reaction kinetics. 
5.6  Conclusions 
This study reports the experimental data on fuel properties evolution and ageing of 
bioslurry during storage. Biochar has a significant influence on the changes in fuel 
properties of the bio-oil phase in bioslurry. While the blank bio-oil samples showed 
negligible change, the presence of biochar in the bioslurry fuels leads to significant 
changes in fuel properties during 29 days of storage. The reduction of the TAN and 
viscosity, and the increase of the water content were observed in the bio-oil, at least 
partially because of some condensation reactions among bio-oil compounds catalysed 
by the biochar or reactions between the acidic bio-oil and the basic biochar. An 
increase in biochar loading level leads to further reduction in the TAN and viscosity, 
and increase in the water content in the bio-oil phase during bioslurry storage. Bislurry 
storage also leads to undesired redistribution of AAEM species between the biochar 
and bio-oil phase. The leaching of these inorganic species into the acidic bio-oil phase 
follows two-step kinetics. 
 
Reprinted with permission from (Mingming Zhang, Suiboon Liaw, and Hongwei Wu. 
Bioslurry as a Fuel. 5. Fuel Properties Evolution and Aging during Bioslurry 
Storage, Energy & Fuels 2013, 27, 7560-7568). Copyright (2013) American 
Chemical Society
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CHAPTER 6 LEACHING CHARACTERISTICS OF ALKALI 
AND ALKALINE EARTH METALLIC SPECIES FROM 
BIOCHAR BY BIO-OIL MODEL COMPOUNDS 
6.1 Introduction 
In Chapter 5, it was observed that there was undesired migration of inherent inorganic 
species, particularly alkali and alkaline earth metallic (AAEM) species, from biochar 
into bio-oil phase during bioslurry storage. This redistribution of AAEM species 
between biochar and bio-oil phase may result in loss of catalysts for 
combustion/gasification reactions of biochar.
36,248,249
 It may also impact ash-related 
issues (e.g., fine particulate matter emission
139
) during bioslurry combustion because 
AAEM species in bio-oil phase are readily released into the gaseous phase. Acid and 
water are known to be effective in leaching some of the inherent AAEM species in 
biochar.
36,250,251
 It was speculated that the water and organic acids in bio-oil may be 
responsible for this unwanted redistribution of inorganic species between biochar and 
bio-oil. However, the fundamental mechanisms are still largely unclear, and further 
investigation of the leaching behaviour of AAEM species in biochar by bio-oil is 
warranted. Bio-oil is a complex mixture, which contains hundreds of compounds, 
including water and acids.
34
 It is important to understand the leaching capability of 
these model compounds and their interactions. Identification of the key components in 
bio-oil responsible for the leaching of AAEM species from biochar in a bioslurry 
system will also help develop effective methods to minimize the undesired 
redistribution of AAEM species during bioslurry storage.  
Consequently, this chapter focuses on further investigation into the leaching 
characteristic of AAEM species from biochar to bio-oil in a bioslurry system. A 
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systematic set of experiments was carried out via mixing biochar with key bio-oil 
model compounds, bio-oil and the bio-oil water soluble fraction for leaching study. 
Table 6-1 shows the properties of bio-oil A, water soluble fraction of bio-oil A and 
the biochar samples used in this chapter. 
Table 6-1 
 
Samples Bio-oil   Bio-oil water soluble fraction Biochar 
Proximate analysis 


























Elemental analysis (wt%) 
C 
a,d
 44.83 12.85 81.65 
H
 a,d
 6.15 9.81 2.64 
N
 a,d
 0.19 0.04 0.08 
O
e
 48.83 77.30 15.63 
Na
b
 0.0001 <0.0001 0.0097 
K
b
 0.0012 0.0007 0.3192 
Mg
b
 0.0002 0.0001 0.1181 
Ca
b
 0.0014 0.0009 0.3074 
TAN
f
 (mg NaOH/g) 48.6 25.1  
a 




 not determined. 
d 
dry and ash free basis 
for biochar. 
e
 by difference. 
f 
total acid number. 
 
6.2 Leaching of AAEM Species from Biochar by Bio-oil Model Compounds 
The composition of bio-oil depends on production condition and feedstock.
34,54
 
However, the chemical compounds present in bio-oil can be generally grouped into 
several categories such as acids, alcohols, ketones, aldehydes, and phenolic 
compounds.
34
 Apart from water which is the most abundant single components, formic 
acid, acetic acid, methanol, acetone and guaiacol which are present in bio-oil in 
appreciable amount, 
34
 are also selected as bio-oil model compounds in this study. It 
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should be pointed out that the acids here were prepared in water solution at a 
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Figure 6-1 Percentage of AAEM species leached from biochar by several bio-oil 
model compounds. The concentration of acid solutions is 0.01M 
Figure 6-1 shows the data on the leaching of AAEM species from biochar by selected 
bio-oil model compounds. It can be seen that the AAEM species (i.e. Na, K, Mg and 
Ca) leached by acid solutions and water is significantly higher than that by methanol, 
acetone or guaiacol. There are more AAEM species leached out by acidic solutions (i.e. 
~44 and 56% of Na, ~65 and 80% of K, ~3 and 4% of Mg, ~8 and 9% of Ca for acetic 
acid and formic acid respectively ) than those by water (~28% of Na, ~40% of K, ~2% 
of Mg and ~5% of Ca). This is due to the leaching of AAEM species in organically 
bound form via ion exchange, in addition to that in water soluble form.243,252 The 
higher percentage of AAEM species leached by formic acid solution than that by 
acetic acid solution indicates the significance of acid strength on leaching capability. 
This is consistent with our previous observation on less leaching of AAEM species 
from biochar by bio-oil with higher TAN than that by bio-oil with lower TAN (see 
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Chapter 5). However, the reasons are largely unknown on why organic solvent is less 
effective in the leaching of AAEM species than water and why methanol is relatively 
more effective than the other organic compounds. 
Further efforts were then taken to investigate the occurrence form of Na and K species 
leached out by methanol. Biochar was first leached by water or acetic acid solution. 
The water–washed biochar and acetic acid–washed biochar were subsequently leached 
by methanol. The amount of Na- and K- leached by methanol from the water–washed 
biochar and the acetic acid–washed biochar was analysed. In addition, the water 
solubility of the Na and K containing species in methanol leachate from the raw 
biochar was examined by evaporating the leachate and then dissolving the residue in 
water for IC analysis. The results were benchmarked against the percentage of Na and 
K leached directly by methanol from the raw biochar (see Figure 6-2). It can be seen 
that nearly all the Na and K species leached by methanol from the raw char are in 
water soluble form. The percentage of Na and K species leached by methanol from the 
acetic acid–washed biochar is slightly lower than that from the water–washed biochar 
(~5% Na and ~5% K), which is then lower than that from the raw biochar (~7% Na and 
~9% K). This indicates that the Na and K species leached by methanol are in water 
soluble forms (e.g., salts) and/or organically bound forms. However, the data show 
that significant proportion of Na and K species that is inaccessible by water or even 
acetic acid has been leached out by methanol. This is likely due to the effectiveness of 
methanol in dissolving/releasing/removing at least some of pore-blocking matters 
such as tars and/or soot deposited on biochar during fast pyrolysis in drop-tube/fixed 
bed reactor.
250
 These Na and K species might be either bound with these soot or tar 
materials or leached from the internal pore system within the biochar after pore 
opening. Figure 6-3a compares the UV–fluorescence spectra of the leachates from 
biochar washing using acetic acid solution, water, methanol and acetone. It can be seen 
there are two peaks in the UV spectrum for the methanol leachate and one peak in the 
UV spectrum for the acetone leachate. The first peak at low wavelength of 270–290 
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nm
 
likely corresponds to a one aromatic ring system, while the other peaks at higher 
wavelength corresponds to more condensed aromatics.
215
 These aromatics may be 
from dissolution of carbon structure of biochar or soot/tar released from biochar pores. 
However, there is no peak present in the UV spectrum for the water and acetic acid 
solution leachates. This is reasonable because water and acetic acid solution are 
ineffective in dissolving/releasing/removing pore-blocking organic matters; hence 
some water soluble AAEM species within the closed pore systems may be not 
accessible. The data show that at least some of the deposited tars and/or soot in the 
biochar pore systems can be removed by organic solvents such as methanol, and hence, 

































 Raw biochar (analyzed in water solution)
 Raw biochar
 Water-washed biochar
 Acetic acid solution-washed biochar
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Figure 6-2 Percentage of Na and K species leached by methanol from raw, water–
washed and 0.01M acetic acid solution–washed biochars 
Therefore, the effectiveness of organic solvents for the leaching of inherent AAEM 
species in biochar can be due to two factors. One is the occurrence of AAEM species 
e.g., ionically bound or organically bound, and the solubility of these ionically or 
organically bound AAEM species in an organic solvent. Low salt solubility is likely to 
be the main reason for the low leaching capability of organic solvent compared to that 
of water (see subsequent discussion in Section 6.3). The other is the ability of the 
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organic solvent to dissolve/release/remove pore-blocking organic matters. This may 
be related to the solvent properties including polarity and swelling ability to biochar 
(determined by the molar volume of solvent
253
). Because the molar volume of acetone 
is higher than that of methanol, the accessibility of acetone towards biochar might be 
lower. This is supported by the fact that only one peak at higher wavelength region 
with relatively low intensity was observed for acetone leachate compared to methanol 
leachate (see Figure 6-3a). 























































 leachate of water-methanol 2:1
 leachate of water-acetone 2:1
(b)
 
Figure 6-3 UV–fluorescence spectra of leachates of (a) bio-oil model compounds and 
(b) water–organic mixtures. The ratio 2:1 represents mass ratio of water to organic in 
the mixture 
6.3  Effects of Methanol, Acetone and Phenolic Compounds on the Leaching of 
AAEM Species by Water 
From Section 6.2, we can see that individually, methanol, acetone and guaiacol are not 
very effective in leaching AAEM species from biochar compared to water. However, 
how the presence of these organic chemicals will affect the leaching capability of 
water in a bio-oil system is unknown. Various concentrations of aqueous solutions (as 
shown in Table 6-2) were prepared to investigate the influence of organics on water 
leaching. And it should be noted that the liquid to biochar ratios were adjusted to 
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maintain the water to biochar ratio at 20:1 in all experiments (see Table 6-2). Figure 
6-4 shows the data on the leaching of AAEM species from biochar by various water–
methanol (and/or) –acetone mixtures, benchmarking against that by water directly. It 
can be seen from this figure that the percentage of AAEM species leached from 
biochar decreases with the increase of methanol or acetone addition, especially for Na 
and K species. After one third of methanol or acetone is added, the percentage of Na 
species leached from biochar by the water–methanol or water–acetone mixture 
decreases by ~8 or ~12% respectively while the percentage of K species leached from 
biochar decreases by ~8 and ~21% respectively. When one third of methanol and 
acetone is added together into water, the percentage of AAEM species leached from 
biochar by the mixture decreases by ~15, ~25, ~1 and ~4% for Na, K, Mg and Ca 
respectively. The presence of methanol or acetone may lead to two possible effects. 
One is that organic solvent especially methanol might dissolve/release/remove tars 
and/or soot from pores of biochar, thereby increasing the accessibility of some AAEM 
species by water (see discussion in Section 6.2). The other is that organic solvent may 
lower the solubility of ionic salts in water, thus hindering the leaching of AAEM 
species from biochar by water. As shown in the UV–Fluorescence spectra of leachates 
of water–methanol and water–acetone mixtures in Figure 6-3(b), these water–organic 
solutions are ineffective for the removal of aromatics from biochar, suggesting the 
solvation of methanol or acetone in water solution and poor affinity of these aromatics 
to water.
254,255
 Therefore, the effect of organic solvent on salt solubility in water is 
most likely to be the dominating factor for the observed decrease in the leaching 
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Table 6-2 
aqueous solution (mass ratio)  aqueous solutions (mol/L) 
sample 
No. 








1 20 1  21:1 1  0.01  
2 2 1  30:1 2  0.02  
3 20  1 21:1 3   0.01 
4 2  1 30:1 4 0.01 0.01  
5 4 1 1 30:1 5 0.01 0.02  
6 2 1 1 40:1 6 0.01  0.01 
 
Dissolution of ionic compounds in a solvent can take place when intermolecular forces 
between ionic compounds and solvent themselves match or the interaction between 
ionic compound and solvent is stronger than the interaction between themselves.
256
 
The intermolecular force of ionic compound is proportional to the amount of charge on 
each interacting atom (q) and inversely proportional to the distance (d) between them 




 Therefore, it is 
well known that the solubility of ionic compound decreases with decreasing dielectric 
constant of solvent, as results of increasing intermolecular force of ionic 
compounds.
256 
The dielectric constant ε of methanol (33.3) or acetone (21.3) is much 
lower than that of water (80.0).
256
 The dielectric constant ε of methanol–water and 
acetone–water mixtures decreases with increasing organic concentration.258 This leads 
to decreases in the solubility of salt in methanol- or acetone- containing mixtures 
hence decreases in the leaching of AAEM species from biochar by these water–solvent 
mixtures. The dielectric constant ε of methanol is higher than acetone, so that the 
interactions among methanol and water molecules are more closer compared to those 
among acetone and water molecules because of hydrogen bonding.
256
 Therefore, the 
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negative effect of methanol seems to be less than that of acetone on water leaching, 
especially for Na and K species (as results of a reduced effect on salt solubility). 
Because of the nonlinear influence of ions on the dielectric constant of the mixtures,
259
 
the adverse effect of methanol or acetone on leaching of AAEM species (especially Na 
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Figure 6-4 Percentage of AAEM species leached from biochar by water and water–
methanol (and/or) –acetone mixtures. The ratio in parenthesis represents the mass ratio 
of water/organic in the mixture outside of the parenthesis 
Further efforts were taken to investigate the effect of phenolic compounds on water or 
acetic acid solution leaching using guaiacol and phenol as model compounds. The 
composition of phenol and guaiacol solutions can be found in Table 6-2 and the results 
from leaching experiments are presented in Figure 6-5. The percentage of Na and K 
species leached from biochar is ~14 and ~8% of Na, ~16 and ~8% of K for 0.01 M 
phenol in water solution and 0.01 M guaiacol in water solution respectively, which is 
lower than that leached by water alone. However, the percentage of Mg and Ca 
leached by phenolic water solutions is nearly the same as that leached by water alone. 
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Similar phenomena, i.e. reduction in leaching of Na and K species and little change in 
leaching of Mg and Ca species by addition of phenol or guaiacol, was also observed 
for acid solutions. The reasons for the different influence on leaching of Ca, Mg 
species and Na, K species may be attributed to two aspects. On the one hand, the 
presence of phenolic compounds in aqueous solution can lower the dielectric constant 
ε of the mixture 
260,261
 thereby reducing the salt solubility in water (see discussion in 
last paragraph). However, in comparison to that of monovalent ionic compounds, the 
solubility of divalent ionic compounds in the solutions is less influenced by the 
presence of phenolic compounds because of stronger interactions among divalent ions 
and phenolic compounds.
262,263
 On the other hand, phenolic compounds may penetrate 
into biochar and act as promoter for leaching of AAEM species. It was previously 
reported that phenolic compounds in bio-oil can act as promoter for the leaching of 
AAEM species (especially Mg and Ca) from biomass.
264
 While the exact mechanisms 
are largely unknown, such an effect was attributed to the increased permeation of 
phenolic compounds into the organic matrix of biomass. This leads to an increase in 
the accessibility of water and acid to biomass matrix hence an increase in the leaching 
of AAEM species.
264
 Similarly, permeation of phenolic compounds into the biochar is 
supported by the relatively lower intensity of the UV–fluorescence spectra of the 
leachates of phenolic compounds solutions in comparison to that of the blank solutions 
(as illustrated in Figure 6-6a). The more prominent permeation of phenol into biochar 
may contribute to the higher percentage of Na and K species leached by phenol 
solutions compared to that by guaiacol solutions. Therefore, for Ca and Mg, the 
negative effect on solubility of Ca and Mg salts appears to be overcome by the 
promotion effect on the penetration of phenolic compounds into biochar, while for Na 
and K, the hindering effect on solubility of Na and K salts still dominates. In addition, 
the difference between the leaching capability of 0.01 M and 0.02 M guaiacol 
solutions is negligible.  This might be due to the fact that the concentration difference 
is not sufficient to introduce an obvious solubility change of AAEM species or the 
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promotion effect caused by penetration is already saturated at a concentration of 
0.01M for guaiacol solutions.   
Acetic acid solution
Acetic acid solution/ 0.01M Phenol
Acetic acid solution/ 0.01M Guaiacol
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Figure 6-5 Percentage of AAEM species leached from biochar by phenol solutions and 
guaiacol solutions. The concentration of acid solutions is 0.01M 
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Figure 6-6 UV–fluorescence spectra of blank and leachate of (a) phenol solution and 
guaiacol solution and (b) bio-oil and bio-oil water soluble fraction (referred to as 
“bio-oil WSF”). Bio-oil samples were diluted in methanol at 4 ppm to avoid 
self-absorption; phenol solution and guaiacol solution were diluted in water at 
concentration of ~0.25 wt% to avoid flat top on the instrument 
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6.4  Leaching of AAEM Species from Biochar by Bio-oil Water-Soluble Fraction 
and Further Discussion  
Water addition for fractioning bio-oil is widely used for bio-oil characterization and 
investigations.
20,107,265
 Bio-oil can be separated into water soluble fraction and 
insoluble fraction based on water solubility of different bio-oil components. As the 
water insoluble fraction of the bio-oil is a sticky viscous layer and difficult to mix with 
biochar, only the water soluble fraction is investigated, benching against the raw 
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Figure 6-7 Percentage of AAEM species leached from biochar by bio-oil water soluble 
fractions bench against that by bio-oil and water. Bio-oil WSF 29 and bio-oil WSF 40 
represent bio-oil water soluble fraction with liquid to biochar ratio of 29:1 and 40:1 
respectively 
Another two bio-oil water soluble fraction to biochar ratios (i.e. 29:1 and 40:1) were 
employed in this study for comparison with the ratio of 20:1. Because the added water 
in the bio-oil water soluble fraction was not evaporated and the proportion of the actual 
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water soluble components extracted from the bio-oil accounts for ~46% and ~32% of 
the bio-oil and the water soluble fraction respectively, a calculation indicates that the 
bio-oil water soluble fraction to biochar ratio of 29:1 can ensure equal water soluble 
components to biochar ratio as the bio-oil to biochar ratio of 20:1. Meanwhile, the ratio 
of 29:1 also enables the bio-oil water soluble fraction to be comparable with water as 
the ratio of water in the bio-oil water soluble fraction to biochar is 20:1. Besides, as the 
total acid number (TAN) of the bio-oil water soluble fraction is ~50% of that of the 
bio-oil (see Table 6-1), the bio-oil water soluble fraction to biochar ratio of 40:1 is 
selected to obtain an equal TAN to biochar ratio as the bio-oil to biochar ratio of 20:1. 
Because bio-oil or bio-oil water soluble fraction is acidic containing both water and 
acids, both of them are expected to be more effective for leaching of AAEM species 
than water. However, the data in Figure 6-7 show otherwise. The percentage of Na and 
K species leached by water (~28 and ~40% respectively) is significantly higher than 
that leached by the bio-oil water soluble fraction (~6 and ~11% respectively), despite 
the fact that the water/biochar ratio in the mixtures of the bio-oil water soluble fraction 
and biochar( 29:1 or 40:1, w/w) is equal to or higher than 20:1. This suggests that the 
leaching capability of the water in the bio-oil water soluble fraction is limited. This is 
likely due to the negative effect of other organic compounds in bio-oil on the leaching 
process (see discussed in Section 6.3). Similarly, the leaching capability of the bio-oil 
for Na and K species is nearly the same as that of the bio-oil water soluble fraction. 
However, the percentage of Mg and Ca species (~3 and ~8% respectively) leached by 
the bio-oil is slightly higher than that leached by the bio-oil water soluble fraction (~2 
and ~6% for Mg and Ca respectively), even though the bio-oil water soluble fraction 
with a liquid/biochar ratio of 40:1 has an equal TAN to biochar ratio as the bio-oil. 
This indicates that acidity is not the limiting factor for the relatively low capability of 
the bio-oil water soluble fraction for leaching of Mg and Ca species. As discussed in 
Section 6.3, phenolic compounds penetrating into biochar can promote the leaching of 
AAEM species especially Ca and Mg species. Likewise, permeation of the bio-oil and 
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bio-oil water soluble fraction is observed by the relatively lower intensity of the 
leachates of the bio-oil and bio-oil water fraction compared to the blanks in the 
UV−fluorescence spectrum (see Figure 6-6b). However, there is only one peak at 
wavelength of 270–290 nm
 
corresponding to a one aromatic ring system (see Section 
6.2) detected for the bio-oil water soluble fraction, while there are two peaks detected 
for the bio-oil. Additionally, the peak intensity of the bio-oil water soluble fraction is 
significantly lower than that of the bio-oil. Therefore, the relatively higher percentage 
of Mg and Ca species leached by the bio-oil compared to that by the bio-oil water 
soluble fraction is at least partially due to the relatively high content of one aromatic 
ring compounds or the presence of more condensed aromatics.  
On the basis of all of the results obtained in this study, it is fair to conclude that 
leaching of AAEM species (i.e. Na, K, Mg and Ca) from biochar by bio-oil is mainly 
attributed to acids and water in water soluble fraction of bio-oil, while the leaching 
capability of other organics may vary because of their properties such as polarity or 
dielectric constant. However, the effects of other organics on leaching capability of 
water or acid are non-negligible. Generally, organic compounds (except acids) with 
lower polarity or dielectric constant than water can hinder the leaching of Na and K 
species. However, leaching of Ca and Mg species may be enhanced if promotion effect 
of phenolic compounds is adequate. Therefore, by adding an appropriate solvent in a 
bioslurry system, the undesired redistribution of AAEM species may be minimized. 
For example, acetone and methanol have both been reported to be able to improve the 
properties of bio-oil.
29,91,197
 However, acetone might be a more appropriate choice for 
bio-oil upgrading in a bioslurry system because the leaching of AAEM species by 
acetone is significantly less than that by methanol (see discussion in Section 6.2).   
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6.5 Conclusions  
Inherent alkali and alkaline earth metallic (AAEM) species in a bioslurry system can 
be migrated from biochar into the bio-oil phase via the leaching process. It was found 
that acids and water in the bio-oil water soluble fraction is responsible for the majority 
of AAEM species leached from biochar by bio-oil. Other individual organic 
compounds in bio-oil (e.g., methanol, acetone and guaiacol) have poor polarity or low 
dielectric constant, so that the capability for leaching of AAEM species seems to be 
limited. However, the presence of these organic compounds can have significant 
impact on the leaching capability of water or acids. For example, the presence of 
organic compounds with low polarity or low dielectric constant can hinder the 
leaching of AAEM species by water, which can be attributed to the decrease of salt 
solubility. On the other hand, in the presence of phenolic compounds, the leaching of 
AAEM species (especially Mg and Ca species) may be enhanced because these 
phenolic compounds improve the accessibility of AAEM species within the biochar 
structure by water or acid. 
 
Reprinted with permission from (Mingming Zhang and Hongwei Wu. Bioslurry as a 
Fuel. 6. Leaching Characteristics of Alkali and Alkaline Earth Metallic Species from 
Biochar by Bio-oil Model Compounds, Energy & Fuels 2015, 29, 2535−2541). 
Copyright (2015) American Chemical Society
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CHAPTER 7 PHASE BEHAVIOUR AND FUEL PROPERTIES OF 
GLYCEROL/METHANOL/ BIO-OIL BLENDS 
7.1 Introduction 
As reviewed in Chapter 2, biodiesel is considered to be a renewable liquid 
transportation fuel and has attracted substantial research and development in recent 
years.
43,45,144,148,266,267
 The rapid growth of biodiesel industry has generated a large 
surplus of glycerol that is of low market value.
43,45,48-50,144,148,266
 In small or medium 
scale biodiesel plants, the by-product glycerol is usually disposed of as a waste stream 
due to the high cost for purification.
43,268,269
 However, such waste disposal can cause 
severe environmental concerns and is not economically friendly.
43,46,47,50,270
 Therefore, 
utilization of the huge stockpile glycerol is of great importance to the sustainable 
development of biodiesel industry. Combustion and gasification are considered as key 
technologies for glycerol utilisation due to large-scale application, flexibility to 
directly accommodate the crude glycerol product without refining, and easy 
integration into biodiesel production process etc.
43,52,53,147,168,169
 Unfortunately, direct 
fuel application of glycerol faces some challenges due to several undesirable fuel 
properties such as high viscosity and high concentration of certain impurities. One 
possibility to address the challenges with utilization of glycerol alone as a fuel is to 
mix glycerol with other fuels to make fuel blends. For example, a previous study
53
 
blended glycerol with yellow grease for combustion, although the results was not 
satisfactory mostly due to the difficulties in maintaining a homogenous mixture. 
Therefore, there is a great need to develop fuel blends with alternative fuels.  
A good choice is bio-oil, which is a renewable fuel produced from biomass fast 
pyrolysis and can find various potential applications.
5,18,24,28,39,193,221,271
 Bio-oil 
contains both polar and nonpolar compounds,
54
 so that blending glycerol with bio-oil 
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may produce feasible fuel blends. Therefore, the motive of this study is to investigate 
the possibility of blending glycerol with bio-oil for fuel applications. Considering the 
presence of alcohol (typically methanol) in the crude glycerol from biodiesel 
production system,
29,34,48,147,272
 this chapter focuses on the fundamental research into 
the phase behaviour, rheological properties, fuel properties and stability of 
glycerol/methanol/bio-oil blends. The key objective is to work out the feasible range 
for producing and formulating the glycerol/methanol/bio-oil blends. Table 7-1 
presents the properties of bio-oil A, glycerol and methanol used in this chapter. 
Table 7-1 Properties of the bio-oil, glycerol and methanol used in Chapter 7 
 Bio-oil  Glycerol Methanol 
Ultimate analysis (wt%, daf
a
) 
C 42.64 39.13 37.50 
H 7.55 8.70 12.5 
N 0.22 -- -- 
O
b
 49.59 52.17 50.00 
























 18.9 18.7 20.8 
TAN
f





a dry and ash free basis for bio-oil, calculated for glycerol and methanol;  b by difference; c as received basis; d 
calculated high heating; e not determined; f total acid number; g value reported in reference165 h value reported in 
reference273 
 
7.2 Phase Behaviour of Glycerol/Methanol/Bio-oil Ternary System 
Solubility of the glycerol/methanol/bio-oil systems is determined via experiments and 
presented in a ternary phase diagram. As shown in Figure 7-1, the results lead to some 
important observations. First, either bio-oil or glycerol is miscible with methanol. This 
observation is consistent with reports in open literatures;
54,95,166
 both bio-oil/methanol 
and glycerol/methanol binary systems are single-phase solutions. Second, for the 
  CHAPTER 7 
Properties of Bio-oil-Based Fuel Mixtures  102 
binary system of glycerol/bio-oil, no measurable amount of glycerol or bio-oil was 
found dissolvable in each other. The results are opposite to the initial expectation that 
some glycerol may be soluble in bio-oil as the water present in bio-oil may be miscible 
with glycerol.
166
 The results in Figure 7-1 show that bio-oil and glycerol blends do not 
form homogeneous solution. Third, the phase conversion line, which represents the 
minimum methanol required for making the initial glycerol/bio-oil mixtures in 
homogenous solutions, clearly divides the ternary diagram into two regions. Blends 
with compositions below the phase conversion line are not homogenous. Addition of 
more methanol into the system can greatly improve the solubility of glycerol in bio-oil 
and vice vasa.  
 
Figure 7-1 Phase diagram of glycerol/methanol/bio-oil ternary system (based on wt %) 
The mechanism possibly responsible for the insolubility of glycerol in bio-oil, and the 
function of methanol addition, is sketched in Figure 7-2, in which the presentation of 
the bio-oil structure follows the convention used previously (see Garcia-Perez et al
111
). 
As shown in Figure 7-2a, in the absence of methanol, glycerol molecules tend to 
attract to each other rather than disperse in bio-oil structure, likely due to the entangled 
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force (hydrogen bonding) of glycerol and its elongated shape make glycerol become 
entangled,
51,274
  and thereby difficult to disperse unless appropriate amount of 
compound (s) with comparable intermolecular force could be engaged.
256
  Although 
it is possible for some components of bio-oil (e.g., water) to be individually soluble 
with glycerol, such accessibility might be low due to a network structure formed by 
some heavy compounds (e.g., oligomers) in bio-oil.
111,275
 On the other hand, methanol 
as an amphiphilic compound can help the dispersion of glycerol as illustrated in Figure 
7-2b. Therefore, with the addition of suitable amounts of methanol, a homogenous 
mixture can be formulated and prepared. This is also clearly evidenced by the 
microscopic photographs of glycerol/bio-oil mixtures before and after methanol 
addition as shown in Figure 7-3.  
(a) (b)
Aqueous droplets Heavy compounds
Glycerol
MethanolWaxy materials  
Figure 7-2 Schematic diagrams illustrating the possible solubility mechanism of (a) 
binary glycerol/bio-oil system without methanol addition and (b) ternary 
glycerol/methanol/bio-oil system 
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Figure 7-3 Representative microscopic photographs of a glycerol/bio-oil mixture 
before and after methanol addition. Panel (a) is for a glycerol/bio-oil blend with 
composition (base on wt %) of 78.8 % bio-oil and 21.2% glycerol. Panel (b) is for a 
glycerol/methanol/bio-oil blend with composition (base on wt %) of 70.7% of bio-oil, 
19.0% of glycerol and 10.3% of methanol 
7.3  Fuel Properties and Feasible Range of Glycerol/Methanol/Bio-oil Blends  
 
Figure 7-4 Potential feasible range (based on wt %) of glycerol/methanol/bio-oil blend. 
Lines 1, 2, and 3 represent blends with fixed glycerol-to-methanol ratios of 0.5:1, 
1.25:1, and 2:1 respectively. Line 4 represents blends with fixed methanol percentage 
of 10%. The numbers 1−6 represents the fuel blends (Blend 1−6) on the phase 
conversion line selected for analysis in section 7.3. The numbers 7and 8 represent 




































  CHAPTER 7 
Properties of Bio-oil-Based Fuel Mixtures  105 
Table 7-2 Fuel properties of selected fuel blends with compositions located on phase conversion line (wt %, glycerol/methanol/bio-oil)  
Fuel blends  Elemental analysis (wt %)
a
       Heating value Viscosity  Density Surface tension Ohnesorge number
a
 
 C  H O
b
 N HHV (MJ/kg)
a
 (cSt,@25 °C) (g/cm
3
,@25 °C) (mN/m,@25 °C) (dimensionless) 
Blend 1 
(4.3/1.9/93.8) 
42.39 7.69 49.72 0.20 18.90 130.1 1.20 35.02 2.9 
Blend 2 
(10.8/5.0/84.2) 
42.00 7.92 49.90 0.18 18.95 90.3 1.19 34.96 2.0 
Blend 3 
(22.8/13.4/63.8) 
41.15 8.47 50.24 0.14 19.08 40.3 1.15 33.33 0.9 
Blend 4 
(30.1/23.1/46.8) 
40.40 9.03 50.47 0.10 19.24 31.0 1.11 33.90 0.7 
Blend 5 
(42.7/32.6/24.7) 
39.47 9.65 50.83 0.05 19.40 36.2 1.05 32.99 0.8 
Blend 6 
(51.1/38.1/10.8) 




 by difference. 
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Fuel properties of selected glycerol/methanol/bio-oil blends (blend 1−blend 6) on the 
phase conversion line in Figure 7-4 are shown in Table 7-2. It can be seen that the 
HHV of the mixtures slightly increased compared to bio-oil or glycerol alone, which is 
due to the high HHV of methanol (see Table 7-1) present in the system. The viscosity 
of the blends ranged from 22.5 to 130.1 cSt (at 25°C) which is significantly lower than 
that of bio-oil (178.2 cSt, 25°C) or especially glycerol (694.4 cSt, 25°C)
165
 alone. This 
viscosity range is well within the specification of viscosity for No.4 to No.6 fuel oil 
(26.4–194 cSt, 38 °C).
276
 The density and surface tension of the fuel blend 1−6 ranged 
from 1.20–1.07 g/cm
3
 and 35.02–33.21 mN/m respectively; they are close to or 
slightly lower than those of bio-oil (1.21 g/cm
3
 and 35.70 mN/m respectively) but 
significantly lower than those of glycerol especially with regard to the surface tension 
(62.87 mN/m). Viscosity, density and surface tension are three properties most related 
to the atomization or spray behaviour of fuel. Ohnesorge number calculated from the 
value of these three properties is an important parameter for predicting the Sauter 
Mean Diameter (SMD) of a spray droplet, thereby estimating spray or atomization 
quality.
277
 The Ohnesorge numbers of the mixtures, calculated following a method 
detailed elsewhere,
28
 are also listed in Table 7-2. The low Ohnesorge numbers of the 
blends (0.5–2.9) compared to bio-oil (4.0) and glycerol (11.1) alone implies improved 
atomization quality of the blend. Overall, the fuel properties of the 
bio-oil/glycerol/methanol blends even along the phase conversion line are better than 
bio-oil or glycerol alone, suggesting that these fuel blends are suitable for burner use. 
The improvement of fuel properties is most likely due to the addition of methanol 
(with a viscosity of 0.8 cSt and surface tension of 22.35 mN/m at 25 °C165,273) 
Therefore, for the mixtures above the phase conversion line with higher methanol 
percentage, the fuel properties are expected to be better. However, the high proportion 
of methanol in the fuel mixture may raise other concerns as discussed below.  
First, flash point needs to be considered for safe storage and handling of fuels. Flash 
point of a mixture system is largely influenced by the component with lowest flash 
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point.
278
 In the case of the glycerol/methanol/bio-oil system, the flash point of 
methanol (11°C) is much lower than that of glycerol (160 °C) and bio-oil (40–
110 °C);
197
 therefore, the flash point of the mixture will be significantly affected by the 
percentage of methanol. It is well-accepted that addition of up to 10 wt% methanol can 
improve bio-oil properties without causing significant decline in fuel flash 
point.
29,197,279
 Therefore, likewise, no greater than 10 wt% methanol in the 
glycerol/methanol/bio-oil system is recommended for safety concerns. Unfortunately, 
it is known that the available flash point test methods are not suitable for bio-oil 
samples;
6
 flash point tests were not performed in this study.  
Second, the ratio of glycerol to methanol can be considered as such binary blend might 
be obtained from a biodiesel production system, reducing the costs associated with 
glycerol refining. Figure 7-4 shows that glycerol/methanol blends with a mass ratio 
between 2:1 and 1.25:1 can be blended with bio-oil in limited proportion (e.g., less 
than 20 wt% for a ratio of 2:1) to produce homogeneous glycerol/methanol/bio-oil 
blends.  However, glycerol/methanol blends with a mass ratio higher than 2:1 cannot 
be mixed into bio-oil for producing homogeneous fuel blends and those with a ratio 
lower than 1.25:1 can be blended with bio-oil in any proportion. In most of 
commercial biodiesel production systems, molar ratios between 6:1 and 10:1 for 
methanol to triglycerides (i.e. oil or fat) are commonly used,
61
 leading to a theoretical 
mass ratio of glycerol-to-methanol being 1:1−0.4:1 after transesterification, which 
means glycerol/methanol blend with such ratios can be mixed with bio-oil in any 
proportion. However, this ratio may increase in practice due to recovery of methanol 
and distribution of methanol in biodiesel and glycerol after phase separation. Up to 80% 
of excess methanol may end up in glycerol phase,
49,280
 leading to a theoretically 
possible glycerol-to-methanol ratio of 1.25:1−0.5:1, and methanol recovery rate can 
vary. The higher the methanol recovery, the higher the cost put into distillation 
operation.
281,282
 Low recovery of methanol on the other hand can lower the distillation 
cost and may enhance the purity of the methanol recovered due to low distillation 
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temperature can be used. Suitable methanol recovery is a trade-off between the 
economic benefits of producing a glycerol/methanol/bio-oil blend as a burner fuel and 
the costs associated with methanol recycling and glycerol refining in the biodiesel 
production system. Nevertheless, based on the assumptions that the low bound of the 
methanol to triglyceride molar ratio is 6:1, and 80% of excess methanol is left in 
glycerol layer after separation, it is estimated that a maximum of 37.5% methanol 
recovery can enable a glycerol/methanol blend with a ratio of 2:1 to be mixed with 
bio-oil in lower proportion (less than 20%) for producing homogeneous 
glycerol/methanol/bio-oil blends. Similarly, at the upper bound of 
methanol-to-triglyceride molar ratio of 10:1, the methanol recovery can be up to 
72.8%. Therefore, depending on the process conditions and considering the 
aforementioned safety reason, a potential feasible blend range ( bio-oil ≥ 70%; 
glycerol ≤ 20; methanol ≤ 10%, on a weight basis) can be obtained (see Figure 7-4) for 
producing homogeneous glycerol/methanol/bio-oil blends. Such a feasible range has 
the boundaries of three criteria lines (lines 1, 3 and 4 in Figure 7-4), that is, the lowest 
theoretically possible glycerol-to-methanol ratio of 0.5:1, the highest glycerol to 
methanol ratio of 2:1, and the recommended highest 10 wt% methanol in the blends.  
7.4  Accelerated Aging of Glycerol/Methanol/Bio-oil Blends 
In this section, two fuel blends (blend 7, with composition of 7.5% glycerol, 4.8% 
methanol and 87.7% bio-oil and blend 8, with composition of 14.6% glycerol, 9.9% 
methanol and 75.5% bio-oil, on a weight basis) were selected from the blend 
composition in the potential feasible range in Figure 7-4 for studying the changes in 
fuel properties of the fuel blends under accelerated aging correlating to one year 
storage at room temperature. Figure 7-5 presents the flow behaviour of the fuel blends 
as well as the bio-oil before and after aging. Both of the blends exhibit Newtonian 
behaviour like the bio-oil does when shear rate is greater than 30 s
-1
. This observation 
is consistent with previous studies on flow behaviour of bio-oil;
27
 therefore, the 
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presence of glycerol and methanol in the blend did not change such flow behaviour. 
The changes in viscosity, water content and TAN of the fuel blends due to ageing are 
illustrated in Figure 7-6, and the calculated water content and TAN of fuel blend 7 and 
blend 8 are obtained via direct addition, considering each value of individual fuel 
compound and the percentage of each individual compound in the fuel blend mixture.  
 
Figure 7-5 Shear stress and viscosity of two glycerol/methanol/bio-oil blends as a 
function of shear rate (at 25 °C). Blend 7 is a glycerol/methanol/bio-oil blend with 
composition (based on weight) of 7.5% glycerol, 4.8% methanol and 87.7% bio-oil. 
Blend 8 is a glycerol/methanol/bio-oil blend with composition of 14.6% glycerol, 9.9% 

















1: Bio-oil before aging
2: Bio-oil after aging
3: Blend 7 before aging
4: Blend 7 after aging
5: Blend 8 before aging
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Figure 7-6 Changes in viscosity (a), water content (b) and TAN (c) of two 
glycerol/methanol/bio-oil blends before and after aging. Blend 7 is a 
glycerol/methanol/bio-oil blend with composition (based on weight) of 7.5% glycerol, 
4.8% methanol and 87.7% bio-oil. Blend 8 is a glycerol/methanol/bio-oil blend with 
composition of 14.6% glycerol, 9.9% methanol and 75.5% bio-oil. Aging test was 
conducted at 80 °C for 24 h 
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The data in Figure 7-6 show that before ageing, the viscosity, water content and TAN 
of the glycerol/methanol/bio-oil blends are all lower than those of the bio-oil blank. 
When comparing the calculated value with the measured value, it can be seen that the 
decreases of water content and TAN in the mixtures are due to the dilution of bio-oil by 
glycerol and methanol. The decrease in the viscosity of the glycerol/methanol/bio-oil 
blends compared to that of the bio-oil before aging is due to the influence of methanol. 
It is well-known that methanol addition can significantly decrease the viscosity of 
bio-oil.
29,35,39,197




Additionally, Figure 7-6 shows that after ageing, the viscosity, water content and TAN 
of the bio-oil blank do not experience significant change after accelerated aging due to 
the long term storage (over 12 months) prior to experiment, which is consistent with 
previous findings in Chapter 5. However, noticeable changes were found for the 
glycerol/methanol/bio-oil blends (blend 7 and blend 8). The decrease of viscosity after 
accelerated aging (see Figure 7-6a) is likely due to the increase of water content (see 
Figure 7-6b). Both the increase in water content and the decrease in TAN (see Figure 
7-6c) imply that there were chemical reactions taking place during accelerated aging. 
Esterification between acidic compounds in bio-oil and glycerol or methanol is most 
likely responsible for the decrease of TAN and the increase of water content. However, 
on the basis of the data in Figure 7-6, a simple calculation as reported in Chapter 5 
shows that the water formed by esterification might only account for part of water 
increase of the mixtures (~25%). To further investigate the possible reactions occurred 
during aging, the changes in functional groups of the fuel blends before and after 
ageing were studied via the comparison of FTIR peak height ratios (according to a 
previous study
33
). Figure 7-7 presents the FTIR spectra and peak height ratios for the 
fuel blends before and after aging benchmarking against the blank bio-oil. Figure 7-7a 
shows that the locations of peaks in the FTIR spectra of all fuel samples are similar to 
those of bio-oil reported previously.
33
 Additionally, Figure 7-7b shows that after 
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ageing, there is a decrease of peak at 1034 cm
-1
 (representing primary alcohol CH2–
OH) and also an increase at 3382 cm
-1
 (representing O–H stretch) of blend 7 and blend 
8, as results of reactions consuming methanol and glycerol together with water 
formation. Another noticeable change is in the C=C stretch represented by peak at 
1646 cm
-1
, suggesting the formation of alkene or conjugate ketone.
33
 This is likely due 
to glycerol dehydration (known to occur under acidic conditions and high 
temperature
42,283
) that may also contribute to the increase in water content of the fuel 
blends after ageing. 
On the basis of the experiments carried out in this study, the results suggest that it is 
possible to prepare homogeneous glycerol/methanol/bio-oil fuel blends. Compared 
with bio-oil or glycerol alone as a fuel, the blend has improved fuel properties in terms 
of heating value, viscosity, surface tension and density (see section 7.3). The water 
content and acidity (i.e. TAN) of the fuel blend can be improved compared to that of 
the bio-oil due to dilution effect. Although fuel properties of the blends may change 
during ageing, the overall changes are positive (e.g., reduced viscosity and TAN). 
While the increase in water content may result in reduction in heating value,
39
 the 
increased water content of fuel blend is still lower than that of the bio-oil after 
accelerated aging (see section 7.4). Therefore, formulation and preparation of 
glycerol/methanol/bio-oil blends may provide a potential strategy for utilising the 
surplus glycerol from biodiesel production process. 
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Figure 7-7 FTIR spectra (a) and peak height ratio (b) of two glycerol/methanol/bio-oil 
blends before and after aging, benchmarking against those of the blank bio-oil. In 
Panel (a), the FTIR spectra are for (A) blank bio-oil, (B) blend 7 before aging, (C) 
blend 7 after aging, (D) blend 8 before aging and (E) blend 8 after aging, respectively. 
Blend 7 is a glycerol/methanol/bio-oil blend with composition (based on weight) of 
7.5% glycerol, 4.8% methanol and 87.7% bio-oil. Blend 8 is a 
glycerol/methanol/bio-oil blend with composition (based on weight) of 14.6% 
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7.5 Conclusions  
Although the solubility of glycerol in the bio-oil is poor, homogenous ternary 
glycerol/methanol/bio-oil blends can be prepared with the aid of methanol addition. 
The fuel properties of such blends including heating value, viscosity, surface tension 
etc. are improved compared to the bio-oil or glycerol as an individual fuel. 
Considering safe storage and handling of a fuel and the possible glycerol-to-methanol 
ratio that might be obtained from biodiesel production system, blends with a 
composition range ( bio-oil  70 wt %; glycerol  20 wt %; methanol  10 wt %) are 
recommended as potential burner fuels. The accelerated aging tests of the fuel blends 
show that the properties of the fuel blends can change upon long term storage, that is, 
noticeable decreases in viscosity and TAN accompanied by an increase in the water 
content. 
 
Reprinted with permission from (Mingming Zhang and Hongwei Wu. Phase Behavior 
and Fuel Properties of Bio-Oil/Glycerol/Methanol Blends, Energy & Fuels 2014, 28, 
4650-4656). Copyright (2014) American Chemical Society
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CHAPTER 8 EFFECT OF MAJOR IMPURITIES IN CRUDE 
GLYCEROL ON SOLUBILITY AND PROPERTIES OF 
GLYCEROL/METHANOL/BIO-OIL BLENDS 
8.1 Introduction 
Chapter 7 showed that blending glycerol with bio-oil (with the aid of methanol) 
appeared to be a possible approach for producing a liquid fuel mixture with 
rheological and other fuel properties suitable for stationary combustion application. In 
the industrial process for biodiesel production, it is known that methanol is present in 
crude glycerol
150,284
 so that crude glycerol from biodiesel production process may be 
potentially mixed into bio-oil for manufacturing the fuel blends directly. However, in 
addition to methanol, crude glycerol also contains various other impurities including 
water, soap, alkaline catalyst etc.
147,150,151,153,159,284,285
 How these impurities affect the 
solubility of glycerol/methanol/bio-oil system is largely unknown.  
It is important to understand the influence of impurities on the blending of glycerol and 
bio-oil, for at least three reasons. Firstly, it provides the fundamental knowledge for 
potentially blending crude glycerol with bio-oil to produce a liquid fuel blend for 
stationary applications. If the impurities can be tolerated in production of fuel blends, 
crude glycerol can be directly used for fuel blending so that the expensive purification 
process for crude glycerol in the conventional biodiesel production process may be 
simplified or even eliminated. This may lead to better economic performance of 
biodiesel production value chain. Understanding the effect of impurities can further 
help identify the preferable crude glycerol composition for blending with bio-oil, 
thereby providing guidance on optimising the integration between the biodiesel 
production process and the fuel blending process. Secondly, if crude glycerol can be 
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directly mixed with bio-oil to produce fuel blends, it provides an attractive strategy for 
utilising crude glycerol, addressing the key issues (e.g., high viscosity and low 
pumpability, high alcohol content, and high content of inorganic species etc.
51-53,168
) 
associated with using crude glycerol alone as an energy source. Last but not least, it is 
possible that the fuel blends of crude glycerol and bio-oil may have improved acidity 
and stability compared to bio-oil, because not only methanol in crude glycerol can 
improve bio-oil properties
29,91
 but also the alkaline catalysts presented in crude 
glycerol may neutralize the acidic compounds in bio-oil.  
Therefore, this chapter aims to investigate the effect of several key impurities in crude 
glycerol on the solubility and properties of glycerol/methanol/bio-oil blends and 
further evaluate the possibility of mixing crude glycerol with bio-oil for producing fuel 
blends. Properties of bio-oil A used in this chapter are listed in Table 8-1. A series of 
glycerol-impurity mixtures and formulated crude glycerol were prepared for blending 
with bio-oil for studying mixture solubility, fuel properties, rheological properties and 
ageing. 
Table 8-1 Properties of the bio-oil used in Chapter 8 



















42.64 7.54 0.21 49.61 0.0001 130.3 23.7 48.6 
a as received. b by difference. c total acid number. 
 
8.2 Compositions of Crude Glycerol 
The compositions of crude glycerol are mainly dependent on three key factors.
48,49
 
The first factor is biodiesel production process. As shown in Figure 8-1, the biodiesel 
industry deploys two typical processes, i.e. the PSMR (phase separation before 
methanol recovery) and MRPS (methanol recovery before phase separation) 
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processes for biodiesel production,
42,62,281,286,287
 with the major differences being in 
the sequence of methanol recovery and separation of biodiesel and glycerol phase. 
The PSMR process carries out phase separation before methanol recovery while the 
MRPS process recovers methanol before phase separation. The second factor is the 
refining process of crude glycerol. If an acidification refining process of glycerol 
phase is included in process PSMR as demonstrated in Figure 8-1a, the process is 
referred as PSMR-N with N standing for neutralisation. The composition of the crude 
glycerol (hereafter referred to as CG2) obtained from a PSMR-N process is relatively 
consistent in open literature, i.e. 80–85% of glycerol, 6–14% of water and 2–6% of 
salt.
160-162
 In this study, NaCl is used as model compound of salt as NaOH and HCl 
are commonly used catalyst and acid for acidification refining in biodiesel 
production process.
42,61
 However, in a PSMR or MPRS without a glycerol refining 
process, the dominant impurities in the produced crude glycerol from the PSMR and 
MRPS processes (hereafter referred to as CG1 and CG3, respectively) can be 
different. For example, water content in CG3 is typically considerably higher than 
that in CG1 due to addition of water to aid phase separation after methanol was 
evaporated.
281
 The third and last factor is feedstock. Free fatty acid (FFA) and water 
in feedstock oil or fat can result in soap formation under alkaline condition due to 
saponification reaction, thereby impacting biodiesel quality and crude glycerol 
composition.
61
 Usually, FFA and water contents in feedstock for biodiesel production 
are restricted to ≤0.5–3% and ≤0.06% respectively.
42,288
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Figure 8-1 Typical biodiesel production processes: (a) the PSMR and PSMR-N 
processes; (b) the MRPS process. PSMR: (biodiesel/glycerol) phase separation before 
methanol recovery; PSMR-N: phase separation (biodiesel/glycerol) before methanol 
recovery with neutralization; MPRS: methanol recovery before (biodiesel/glycerol) 
phase separation 
Based on literature data, the key considerations for formulating the compositions of 
CG1 and CG3 were then listed in Table 8-2. The first consideration is reactions. 
Transesterification of vegetable oil (triglycerides) with methanol is the main reaction 
that can produce biodiesel and glycerol.
63
 As excess methanol can drive the reaction 
to the product side, methanol to oil molar ratio in alkaline catalysed biodiesel 
production is generally 6:1–10:1 and the conversion rate of oil and yield of biodiesel 
can be over 98% if optimised conditions (e.g., reaction time, temperature, and mixing 
rate etc.) are applied.
61,289,290



























(a) PSMR and PSMR-N
(b) MRPS
PSMR PSMR-N
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compound for vegetable oil (triglycerides)
61
 and a conversion rate of 98–100% for 
triolein is considered. Additionally, as unreacted triglycerides prefer to retain in 
biodiesel phase,
291
 triglycerides concentration in crude glycerol is ignored in this 
study. Also, if FFA and water are present in feedstock oil, hydrolysis of triglyceride 
to FFA and saponification of FFA can occur under alkaline condition.
61
 These 
reactions are undesirable as it consumes the alkaline catalyst and worsens the product 
quality.
61
 Therefore, water content and FFA content in feedstock are required to be 
less than 0.06% and 0.5–3% respectively for alkaline catalysed biodiesel 
production.
42,288
 As water content is restricted and the reaction rate of 
transesterification is higher than hydrolysis,
42
 hydrolysis reaction is neglected under 
the condition studied. However, as alkaline catalyst is usually excessive to convert 
FFA to soap,
42
 a conversion rate of 98–100% same as that of the above 
transesterification reaction is considered in this study. Furthermore, FFA content in 
crude glycerol can be lower than 1–1.5%,
48,154
 therefore, FFA is regarded as minor 
impurity in crude glycerol and is not considered in this study. The second 
consideration is component distribution in crude glycerol during phase separation. 
Because of polarity similarity, up to 97–99% of soap, 94–97% of catalyst, 99% of 
water, and 80% of methanol may retain in glycerol phase during phase separation. 
49,280,291
 The distribution of biodiesel in glycerol phase, on the other hand, may be as 
low as 0.5% 
48
 due to the sparing solubility of biodiesel in glycerol. 
292
 Although 
phase separation of biodiesel and glycerol may be affected by their mutual solubility 
and methanol content in the mixture,
292
 a simple calculation considering 
transesterification reaction and methanol to oil molar ratio of 10:1 can indicate that 
methanol concentration is less than 20% in the final mixture and biodiesel 
distribution in glycerol phase with such proportion of methanol is negligible 
according to phase diagram of several glycerol–biodiesel–methanol ternary 
systems.
293,294
 While high soap content may cause difficulty in phase separation of 
glycerol and biodiesel due to formation of gel,
163
 such a difficulty may be addressed 
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by employing proper separation technique (e.g., centrifuge or long time settling 
etc.).
290,295
 Overall, biodiesel content in crude glycerol is negligible and therefore, not 
considered in this study. The third consideration is methanol recovery and possible 
water addition. Methanol recovery in biodiesel production process may be up to 90–
94%,
296,297
 and if this occurs before phase separation of biodiesel and glycerol, then 
water is usually added to aid phase separation.
281
 Generally, 25–54 mg water addition 
for 1 g mixture of glycerol and biodiesel was found to be satisfactory,
202
 and thereby 
is used for formulation of CG3 in this study. Therefore, based on the consideration of 
the feedstock, reaction, product distribution, methanol recovery and water addition in 
this study, the contents of the unreacted feed oil, FFA and dissolved biodiesel in 
crude glycerol are minor impurities. The major impurities in crude glycerol are soap, 
water and NaOH which can account for up to 20, 35 and 10 wt% of the crude 
glycerol, respectively.  
Table 8-2 Key considerations for formulating the compositions of crude glycerol  
Parameters Conditions and considerations 
feedstock
42,288
 Vegetable oil is represented by triolein; Free fatty acid 
(FFA) is represented by oleic acid; 1%≤FFA content ≤3% 
and  water content in feedstock ≤0.06%  







 NaOH, 0.3–1.5 wt% 
reactions 
61,63
  triolein (oil) +3 methanol→3 methyl oleate 
(biodiesel)+glycerol  
(98– 100% conversion of oil) 
oleic acid (FFA) +NaOH→ sodium oleate (Soap)+H2O  
(98 – 100% conversion of FFA) 
methanol recovery 
296,297




catalyst, water and soap in glycerol phase: 97 – 100%  
methanol in glycerol phase: 80%  




 25–54 mg/g (biodiesel+glycerol)  
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Table 8-3 Compositions (wt%) of series of impurity-containing glycerol used in this 
study  
Mixtures Glycerol Soap Water NaOH NaCl 
GW5 95.0  5.0   
GW15 85.0  15.0   
GW35 65.0  35.0   
GS5 95.0 5.0    
GS20 80.0 20.0    
GW35NaOH2 63.7  34.3 2.0  
GW35NaOH10 58.5  31.5 10.0  
GW15NaCl2 83.3  14.7  2.0 
GW15NaCl6 
(FCG2) 
80.0  14.0  6.0 
FCG1-1  80.0 15.0 3.0 2.0  
FCG1-2 87.0 8.0 3.0 2.0  
FCG3-1 60.0 15.0 20.0 5.0  
FCG3-2 67.0 8.0 20.0 5.0  
GW5, GW15 and GW35: glycerol–water mixtures with water contents of 5, 15 and 35% respectively;  
GS5 and GS20: glycerol–soap mixtures with soap contents of 5 and 20% respectively;  
GW35NaOH2 and GW35NaOH10: aqueous glycerol solution GW35 with NaOH contents of 2 and 10% 
respectively; GW15NaCl2 and GW15NaCl6: aqueous glycerol solution GW15 with NaCl contents of 2 
and 6% respectively;  FCG: formulated crude glycerol. 
 
Based on the above discussion, the experimental program in this paper focuses on the 
major impurities including soap (represented by sodium oleate
280
), water and alkaline 
catalyst for the formulation of CG1 and CG3. The formulation considers both a high 
and a low content (5.0 and 20.0 wt%, 5.0 and 35.0 wt%, and 2.0 and 10.0 wt% for 
soap, water and NaOH respectively) as seen in Table 8-3 for studying on the effect of 
individual impurities. Two representative compositions for each of CG1 and CG3, 
together with one representative composition for CG2, are considered based on the 
literature data and comparability in this study. The respective impurity-containing 
crude glycerol samples are also listed in Table 8-3 as FCG1-1, FCG1-2, FCG3-1, 
FCG3-2 and FCG2, respectively. The major differences between FCG1 and FCG3 
are in the contents of water and NaOH (3.0 and 2.0 wt% vs. 20.0 and 5.0 wt%), and 
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those between FCG1-1 and FCG1-2 or between FCG3-1 and FCG3-2 are in the 
contents of soap (15.0 wt% vs. 8.0 wt%). Glycerol–water and glycerol–soap mixtures 
are referred to as “GWxx” and “GSxx” (“xx” represents water or soap percentage in 
the mixture), respectively. Certain amounts of NaOH or NaCl were added to GW35 
and GW15 mixtures respectively to prepare a series of mixtures that are referred to as 
“GW35NaOHxx” and “GW15NaClxx” (“xx” represents the percentage of NaOH or 
NaCl in the mixture). 
8.3 Effect of Major Impurities in Crude Glycerol on the Solubility of 
Glycerol/Methanol/Bio-oil System 
Solubility of impurity-containing glycerol in the bio-oil is determined by minimum 
methanol percentage required to obtain a homogenous blend. For the effect of soap 
and water, the results are benchmarked against the solubility of pure glycerol in the 
bio-oil, while for the effect of NaCl and NaOH, the results are compared with the 
solubility of the respective glycerol aqueous solutions. Figure 8-2 shows the 
minimum methanol required for all the mixtures, as a function of 
impurity-containing glycerol to bio-oil ratio. Three important findings can be 
observed from Figure 8-2.  
First, Figure 8-2a indicates that when water content of glycerol–water mixture is 
below 5%, the effect of water on solubility of glycerol in the bio-oil is not obvious. 
However, the minimum methanol percentage required for dissolving GW35 in the 
bio-oil is significantly higher than that required for dissolving pure glycerol, 
especially when the GW35/bio-oil ratio is higher than 1/4. The higher amount of 
methanol required for obtaining homogenous blend is likely related to phase 
separation of the bio-oil upon increasing water content in the mixture. It is known 
that a high water content (e.g., over 30 wt%) can result in phase separation of 
bio-oil.
39,109
 Therefore, the water to bio-oil ratio in the GW/bio-oil mixture was 
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calculated based on the total water in the mixture including water in bio-oil and 
water in GW mixture. The results are shown in Figure 8-3a as a function of the 
GW/bio-oil ratio. It can be seen that the water to bio-oil ratios in the GW5/bio-oil 
mixtures (GW5/bio-oil ≤1, w/w) are all below 0.3, while those in the GW35/bio-oil 
mixtures are above 0.3 when GW35 to bio-oil ratio is over 1/4. This suggests that at 
a water/bio-oil ratio above 0.3 the fuel mixture may result in phase separation of the 
bio-oil, demanding more methanol for blending. Based on the water content of the 
bio-oil (~23.7 wt%) and the upper limit water/bio-oil ratio in GW/bio-oil mixture 
(~0.3), the threshold value of 0.063 can be calculated as a product of GW/bio-oil 
ratio and the water content of the GW mixture. Such a threshold can be used to 
predict the maximum water percentage that can be tolerated in crude glycerol 
without severely worsen the solubility of glycerol in the bio-oil at a fixed GW/bio-oil 
ratio, or vice versa. For instance, if a GW mixture is required to be blended with the 
bio-oil in a mass ratio of 1:1, then the water content in the GW solution should not be 
over 6.3 wt%. Otherwise, more methanol is required to be used as solvent in 
comparison to the case of blending of pure glycerol and bio-oil. 
Second, from Figure 8-2b, it can be seen that the effect of soap on glycerol solubility 
in the bio-oil is less obvious in the range studied, in comparison to the effect of water. 
This is expected in consideration of the amphiphilic characteristic of soap. However, 
it was unsuccessful to blend the GS mixtures into the bio-oil at certain GS to bio-oil 
ratios (~0.2 and ~0.05 for GS5 and GS20, respectively), even with the aid of 
methanol. This phenomenon is found to be associated with the presence of excessive 
soap in the prepared impurity-containing-glycerol/methanol/bio-oil fuel mixture. 
Based on the data in Figure 8-2b, the soap to bio-oil ratios of the fuel mixtures for 
which homogenous blends can be achieved were calculated and plotted in Figure 
8-3b, as a function of the impurity-containing-glycerol/bio-oil ratio used for 
preparing the fuel blends. It can be seen in Figure 8-3b that for achieving 
homogenous fuel blends, the soap to bio-oil ratio is below a threshold value of 0.01. 
  CHAPTER 8 
Properties of Bio-oil-Based Fuel Mixtures  124 
At soap to bio-oil ratios > 0.01, homogenous fuel blends cannot be achieved. This is 
most likely due to the formation of micelles in the mixtures, as evidenced in the 
optical microscope image (see Figure 8-4). Consequently, considering the threshold 
value of 0.01 for the soap/bio-oil ratio that can be calculated as the product of the 
GS/bio-oil ratio and the soap content of the GS mixture, it is possible to find the 
maximum GS/bio-oil ratio at a given soap content of the GS mixture, or vice versa. 
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Impurity-containing glycerol to bio-oil ratio  
Figure 8-2 Solubility of impurity-containing glycerol in bio-oil: (a) water, (b) soap, (c) 
NaCl and (d) NaOH. GW5, GW15 and GW35: glycerol–water mixtures with water 
contents of 5, 15 and 35 wt% respectively; GS5 and GS20: glycerol–soap mixtures 
with soap contents of 5 and 20 wt% respectively; GW15NaCl2 and GW15NaCl6: 
aqueous glycerol solution GW15 with NaCl contents of 2 and 6 wt% respectively; 
GW35NaOH2 and GW35NaOH10: aqueous glycerol solution GW35 with NaOH 
contents of 2 and 10 wt% respectively 
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Impurity-containing glycerol to bio-oil ratio
(b)
 
Figure 8-3 Water to bio-oil ratio (a) and soap to bio-oil ratio (b) based on weight of 
impurity-containing glycerol/bio-oil fuel mixtures as a function of 
impurity-containing glycerol to bio-oil ratio used for preparing the fuel the mixtures. 
GW5 and GW35: glycerol–water mixtures with water contents of 5 and 35 wt% 
respectively. GS5 and GS20: glycerol–soap mixtures with soap contents of 5 and 20 
wt% respectively 
 
Figure 8-4 Microscope picture of a GS5/methanol/bio-oil blend with a soap to bio-oil 
mass ratio over 0.01. GS5: glycerol–soap mixture with soap content of 5 wt% 
Third and last, panels c and d of Figure 8-2 show that the minimum percentage of 
methanol required for blending GW15NaCl and GW35NaOH mixtures into the 
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bio-oil is higher than that required for blending the corresponding GW mixtures into 
the bio-oil. This suggests that both NaCl and NaOH have adverse effect on the 
solubility of glycerol in the bio-oil. This is most likely due to the influence of these 
electrolyte matters on phase separation of the bio-oil. It is known that bio-oil has a 
complex colloidal system composed of hundreds of polar and non-polar 
compounds,
20,34
 addition of ionic compounds may break down the weak equilibrium 
in the system and cause phase separation. Salt-induced phase separation of bio-oil 
has been reported and such separation was attributed to the increase in ionic strength 
of bio-oil system and the breakdown of the network structure in the micellar system 
of bio-oil.
298,299
 Similarly, NaOH in aqueous solution can dissociate into cation and 
anion, which can attract water or other polar compounds in bio-oil because of ionic 
solvation
300
 and thereby aggravating phase separation of bio-oil. Therefore, it is not 
surprising that NaOH worsens the solubility in a similar manner as salt.  
8.4  Effect of Major Impurities in Crude Glycerol on the Fuel Properties of 
Glycerol/Methanol/Bio-oil Blends  
To compare the effect of major impurities in crude glycerol on properties of 
glycerol/methanol/bio-oil blend, ten fuel blends were prepared with the percentages 
of the bio-oil and methanol being fixed at 88.4 wt% and 7.0 wt% respectively and 
glycerol containing different proportion of impurities accounting for the rest 4.6 wt% 
of the blends. This composition is selected in consideration of the homogeneity of all 
blends and the recommended methanol proportion in the mixture (less than 10 wt%) 
as discussed in Chapter 7. Fuel properties including viscosity, surface tension, 
density, HHV and elemental composition of the ten blends are listed in Table 8-4. It 
can be seen that the fuel properties, except viscosity, of all the blends are similar, 
with HHV being 19±1MJ/kg, density being 1.16±0.02g/cm
3
, and surface tension 
being 32±1 mN/m. In addition, as shown in Figure 8-5, the rheological properties of 
all the blends are similar and follow the behaviour of Newtonian fluids when the 
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shear rate is greater than 50 s
-1
. This is consistent with our previous studies on 
rheological properties of bio-oils and also those of glycerol/methanol/bio-oil 
blends.
27
 The differences in the viscosity of the fuel blends can be mainly attributed 
to the differences in the water contents of the fuel blends (see Figure 8-6b and e). 
Therefore, the results in Table 8-4 and Figure 8-5 suggest that these impurities have 
insignificant effects on the fuel properties and flow behaviour of the blends within 





































































































































Figure 8-5 Shear stress and viscosity of selected fuel blends as a function of shear rate. 
G/M/B, GW5/M/B, GS5/M/B, GW15NaCl2/M/B, GW35NaOH2/M/B, FCG1-1/M/B, 
FCG1-2/M/B, FCG2/M/B, FCG3-1/M/B and FCG3-2/M/B: fuel blends consist of 4.6 
wt% glycerol (G), 7.0 wt% methanol (M), plus 88.4 wt% bio-oil (B), GW5, GS5, 
GW15NaCl2, GW35NaOH2, FCG1-1, FCG1-2, FCG2, FCG3-1 or FCG3-2, 
respectively. GW5: glycerol–water mixtures with water contents of 5 wt%; GS5: 
glycerol–soap mixtures with soap contents of 5 wt%; GW15NaCl2: aqueous glycerol 
solution GW15 with NaCl contents of 2 wt%; GW35NaOH2: aqueous glycerol 
solution GW35 with NaOH contents of 2 wt%; FCG: formulated crude glycerol 
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Figure 8-6 Changes in viscosity, water content and TAN of selected fuel blends before 
and after ageing. G/M/B, GW5/M/B, GW35/M/B, GS5/M/B, GS20/M/B, 
GW15NaCl2/M/B, GW15NaCl6/M/B,  GW35NaOH2/M/B, GW35NaOH10/M/B, 
FCG1-1/M/B, FCG1-2/M/B, FCG2/M/B, FCG3-1/M/B and FCG3-2/M/B: fuel blends 
consist of 4.6 wt% glycerol (G), 7.0 wt% methanol (M), plus 88.4 wt% bio-oil (B), 
GW5, GW15, GW35,GS5, GS20, GW15NaCl2, GW15NaCl6, GW35NaOH2, 
GW35NaOH10, FCG1-1, FCG1-2, FCG2, FCG3-1 or FCG3-2, respectively; GW5, 
GW15 and GW35: glycerol–water mixtures with water contents of 5, 15 and 35 wt% 
respectively; GS5 and GS20: glycerol–soap mixtures with soap contents of 5 and 20 
wt% respectively; GW15NaCl2 and GW15NaCl6: aqueous glycerol solution GW15 
with NaCl contents of 2 and 6 wt% respectively; GW35NaOH2 and GW35NaOH10: 
aqueous glycerol solution GW35 with NaOH contents of 2 and 10 wt% respectively; 
FCG: formulated crude glycerol 
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Ageing experiments were conducted to investigate the long term stability of the 
glycerol/methanol/bio-oil blends in presence of the impurities. Viscosity, water 
content and TAN of the impurity-containing glycerol/methanol/bio-oil blends before 
and after ageing were evaluated and the results are shown in Figure 8-6. Decrease of 
viscosity and TAN and increase of water content were observed for all the blends. 
Such changes in these properties of the impurity-containing 
glycerol/methanol/bio-oil blends are consistent with those of the 
glycerol/methanol/bio-oil blends in our previous study 
301
. The decrease of viscosity 
is associated with the increase of water content, and esterification between acids in 
bio-oil and glycerol or methanol was reported to be the primary reaction occurred in 
the mixture responsible for the changes of water content and TAN 
301
. It is noted that 
the water content of the GW/methanol/bio-oil blends was increased from ~20.6% to 
~22.8% (see Figure 8-6b) when the water percentage in GW increased from 5% to 
35%, however the changes in water content or TAN (see Figure 8-6c) of these blends 
before and after ageing are similar to that of the glycerol/methanol/bio-oil blend (i.e. 
~1.1% and ~10% for water content and TAN change respectively). This implies that 
the presence of water in glycerol has little effect on the reactions which may take 
place in the blends during ageing. Likewise, the changes in viscosity, water content 
and TAN were also not affected by the presence of NaCl as seen in Figure 8-6(d–f). 
However, for alkaline impurities in glycerol, the change in TAN was slightly reduced, 
especially when the crude glycerol containing high contents of impurities (e.g., 10% 
of NaOH or 20% of soap). This may be due to that the acid–base reactions between 
acidic compounds in bio-oil and the added NaOH result in lower TAN of the fuel 
blends, taking place even before ageing. It is also noted that the TAN of the 
GW35NaOH10/methanol/bio-oil blend is nearly the same as that of the 
GW35/bio-oil/methanol blend after ageing, suggesting that the availability of 
reactive acids in the bio-oil appears to be the limiting factor for further TAN decline 
in the GW35NaOH/methanol/bio-oil system. This is different to the 
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GS/methanol/bio-oil blends, for which after ageing, the TAN is slightly higher than 
that of the glycerol/methanol/bio-oil blend. This may be due to that the reactions 
between soap and acids in bio-oil lead to weaker acids that cannot participate in the 
esterification reactions during ageing of bio-oil. Overall, the contents of the 
impurities in the composed blends are generally low and these impurities have 
limited effect on the trends in changing viscosity, water content and TAN of the 
glycerol/methanol/bio-oil blends during ageing.
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Table 8-4 Fuel properties of selected fuel blends  
Blends Elemental analysis (wt%)
a 
Heating value  Viscosity Surface tension Density 




 (mP.s, @25 °C) (mN/m,@25 °C) (g/cm
3
,@25 °C) 
G/M/B 42.12 7.95 0.19 49.75 19.00 91.5 32.95 1.14 
GW5/M/B  42.03 7.95 0.19 49.83 18.97 89.0 32.28 1.12 
GW15/M/B  41.85 7.96 0.19 50.00 18.93 72.4 32.30 1.16 
GW35/M/B 41.48 7.98 0.19 50.34 18.84 69.6 32.58 1.17 
GS5/M/B  42.18 7.95 0.19 49.67 19.02 83.5 32.32 1.16 
GS20/M/B  42.39 7.97 0.19 49.45 19.09 83.9 31.36 1.17 
GW35NaOH2/M/B  41.46 7.98 0.19 50.32 18.83 72.6 32.61 1.15 
GW35NaOH10/M/B 41.81 7.97 0.19 50.14 18.93 81.7 32.84 1.17 
GW15NaCl2/M/B 41.38 7.94 0.19 50.03 18.77 67.7 32.65 1.16 
GW15NaCl6/M/B 
(FCG2/M/B) 
41.76 7.94 0.19 49.84 18.88 79.2 31.65 1.17 
FCG1-1/M/B 42.23 7.96 0.19 49.56 19.04 88.4 30.98 1.16 
FCG1-2/M/B 42.13 7.95 0.19 49.67 19.00 88.0 30.96 1.18 
FCG3-1/M/B 41.87 7.97 0.19 49.83 18.94 80.5 31.13 1.16 
FCG3-2/M/B 41.69 7.98 0.19 49.99 18.89 80.9 31.07 1.16 
a calculated value;  b by difference. G/M/B, GW5/M/B, GW35/M/B, GS5/M/B, GS20/M/B, GW15NaCl2/M/B, GW15NaCl6/M/B, GW35NaOH2/M/B, GW35NaOH10/M/B, 
FCG1-1/M/B, FCG1-2/M/B, FCG2/M/B, FCG3-1/M/B and FCG3-2/M/B: fuel blends consist of 7.0% methanol (M), 88.4% bio-oil (B), plus 4.6% glycerol (G), GW5, 
GW15, GW35,GS5, GS20, GW15NaCl2, GW15NaCl6, GW35NaOH2, GW35NaOH10, FCG1-1, FCG1-2, FCG2, FCG3-1 or FCG3-2, respectively.  GW5, GW15 and 
GW35: glycerol–water mixtures with water contents of 5, 15 and 35% respectively; GS5 and GS20: glycerol–soap mixtures with soap contents of 5 and 20% respectively; 
GW15NaCl2 and GW15NaCl6: aqueous glycerol solution GW15 with NaCl contents of 2 and 6% respectively; GW35NaOH2 and GW35NaOH10: aqueous glycerol solution 
GW35 with NaOH contents of 2 and 10% respectively; FCG: formulated crude glycerol 
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8.5  Solubility and Fuel Properties of Formulated 
Crude-Glycerol/Methanol/Bio-oil System 
As the composition of crude glycerol from different biodiesel production process 
varies significantly, investigations on formulated crude glycerol (FCG) in addition to 
individual impurities can provide further guidance for blending crude glycerol with 
bio-oil. Solubility of FCG in the bio-oil is also characterised by the minimum 
percentage of methanol required to obtain a homogeneous blend, and the results are 
shown in a ternary diagram in Figure 8-7. Considering that homogenous 
FCG/methanol/bio-oil blend could not be formed when the soap to bio-oil mass ratio 
is over 0.01 (corresponding to a max of 11 wt% of FCG in the bio-oil, as discussed in 
section 8.3), the ternary diagram is scaled to show the solubility range of 0–25% of 
FCG in the bio-oil. It can be seen in Figure 8-7 that both FCG3-1 and FCG3-2 
require more methanol to be dissolved in the bio-oil compared to FCG1-1 and 
FCG1-2, especially when the fuel blends have high contents of FCGs (e.g., ≥5 wt%). 
Such a difference may be caused by the difference in the water contents of FCG1 and 
FCG3 (see Table 8-3). When comparing FCG1-1 with FCG1-2, it can be seen that 
FCG1-2 with a lower soap content can be blended with the bio-oil with a wider range 
of solubility. This is also consistent with the discussion on the effect of soap on 
solubility in section 8.3. The solubilities of pure glycerol and FCG2 (with same 
composition as GW15NaCl6) in the bio-oil are also compared in Figure 8-7. It can be 
seen that the minimum methanol percentage required for blending FCG2 into the 
bio-oil is similar to that required for blending FCG1-1 or FCG1-2, and the 
solubilities of all FCGs in the bio-oil become worse than that of pure glycerol due to 
the adverse effect of impurities. 
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Figure 8-7 Solubility of formulated crude glycerol (FCG)/methanol/bio-oil system. 
Line 1 and Line 2 represent fuel blends with FCG to methanol mass ratio of 1:1 and 
1:1.5 respectively 
To evaluate the properties of the blends composed of bio-oil, methanol and 
FCG1-1/FCG1-2 or FCG3-1/FCG3-2, efforts were taken to prepare four 
homogenous blends with constant percentages of methanol and bio-oil (7.0 and 88.4 
wt%, respectively). The key fuel properties, rheological properties and ageing 
properties of these four blends are shown in Table 8-4, Figure 8-5b and Figure 
8-6(g-i), respectively. The results are also compared with properties of the 
glycerol/methanol/bio-oil blend and FCG2/methanol/bio-oil blend. Table 8-4 shows 
that there are no significant differences in the fuel properties of different 
FCG/methanol/bio-oil blends, with HHV, surface tension and density being ~19 
MJ/kg, ~31 mN/m and ~1.16 g/cm
3
, respectively. The viscosities of 
FCG1/methanol/bio-oil blends are slightly higher (~88 mPa.s) than those of the 
FCG3 or FCG2/methanol/bio-oil blends (~80 mPa.s) due to the slightly lower water 
contents (see Figure 8-6h). The rheological properties of the FCG/methanol/bio-oil 
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blends (see Figure 8-5b) indicate that these blends are also dominantly Newtonian 
fluids, similar to the glycerol/methanol/bio-oil blend. In comparison to the 
glycerol/methanol/bio-oil blend and FCG2/methanol/bio-oil blend, the changes in the 
TAN of FCG1 or FCG3/methanol/bio-oil blends before and after ageing are slightly 
reduced (see Figure 8-6i), most likely due to the presence of alkaline matter (soap 
and NaOH) as aforementioned in Section 8.4. 
8.6 Further Discussion and Implications 
The results presented so far show that it is feasible to use crude glycerol from 
biodiesel production process for producing crude-glycerol/bio-oil blends. Therefore, 
it is possible to integrate the crude-glycerol/bio-oil blending process into the existing 
biodiesel production process. There may be three important considerations.  
The first consideration is the preliminary selection of production processes based on 
solubility. As shown in Figure 8-1, crude glycerol can be sourced from process 
PSMR, PSMR-N and MRPS. As discussed in section 8.5, FCG3-1/FCG3-2, which 
represents the crude glycerol generated from process MRPS, requires more methanol 
to be blended into the bio-oil compared to FCG1-1/FCG1-2 and FCG2 that represent 
the crude glycerol from the PSMR and PSMR-N processes, respectively. In practice, 
it may be favoured to retain the required amount of methanol in crude glycerol for 
fuel blending, via adjusting methanol recovery in the process. The more methanol is 
required for blending, the less methanol can be recovered. As shown in Figure 8-7, 
the mass ratios of FCG to methanol in homogenous blends is ~1:1.5 and ~1:1 for 
FCG3 and FCG1 (or FCG2), respectively. The methanol recovery allowed for 
blending the FCG with the bio-oil can then be calculated, considering the contents of 
glycerol in FCG (see Table 8-3) following a previous method.
301
 For instance, for 
FCG3, the methanol recovery is limited to ~16% even when methanol to oil ratio in 
feedstock is 10:1; while for FCG1 and FCG2, methanol recovery may be up to 37% 
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if feedstock with such methanol to oil molar ratio (10:1) is used in the respective 
PSMR and PSMR-N processes. As recovery of unreacted methanol can save input 
costs for the biodiesel production process,
42
 the PSMR and PSMR-N processes that 
allow a max methanol recovery of 37% seems to be more suitable than process 
MRPS that only allow a max methanol recovery of 16%. In addition, although the 
PSMR-N process is more complex than the PSMR process, the process complexity 
may be offset by better fuel blend quality so that there may be a trade-off between 
process complexity and fuel blend product quality. 
The second consideration is the comparison in the properties of fuel blends 
composed of bio-oil and crude glycerol from the preliminarily selected processes. As 
discussed in Section 8.5, there is little difference in the fuel properties or rheological 
properties between FCG1/methanol/bio-oil blends and FCG2/methanol/bio-oil 
blends. The FCG1/methanol/bio-oil blends have better stability as there are only 
slightly reductions in the changes in the TANs during ageing, However, the acidity of 
these blends after ageing is higher than that of the FCG2/methanol/bio-oil blend due 
to presence of soap. In addition, the presence of alkaline matters in FCG1 (or salt in 
FCG2) introduces a high amount of inorganic species (Na for FCG1; Na and Cl for 
FCG2) in the fuel blends. As sodium is sourced from the catalyst used for biodiesel 
production, the sodium content in crude glycerol from the MRPS and the MRPS-N 
processes should be similar if the same feedstock is used. The anion introduced by 
salt (in this case, Cl) into the fuel blends can also cause various ash-related issues 
during gasification or combustion.
302,303
 For this reason, blends of bio-oil and crude 
glycerol from the PSMR process may have better properties for combustion 
applications. Overall, Table 8-5 shows that the sodium contents in the 
FCG/methanol/bio-oil blends with same bio-oil and methanol proportion are in same 
order of magnitude, which are however one or two orders of magnitude smaller than 
that in FCG with methanol (1:1.5, by weight) or FCG. This in turn shows the 
advantage in blending crude glycerol into bio-oil as the fuel blends can effectively 
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dilute the high concentrations of inorganic species in  crude glycerol hence 
minimize the potential ash-related issues during combustion/gasification.  
Table 8-5 Sodium content (ppm) in formulated crude glycerol (FCG), FCG with 60 wt% 
methanol and blends with 4.6 wt% FCG, 7.0 wt% methanol and 88.4 wt% bio-oil 
NO. FCG FCG with 60% methanol FCG/methanol/bio-oil blend 
1-1 23,096.7 9,234.7 1,077.9 
1-2 17,643.0 7,030.3 823.7 
2 23,328.0 9,338.6 1,085.0 
3-1 40,334.2 16,063.6 1,876.6 
3-2 34,869.0 13,942.6 1,628.4 
 
The third and last consideration is feed configuration of the selected PSMR process 
for generating crude glycerol, including methanol to oil ratio, catalyst usage and FFA 
content in feed oil. Due to the presence of impurities, more methanol is required to 
enable the dissolution of crude glycerol than the pure glycerol into the bio-oil for fuel 
blend production. Therefore, the methanol to oil ratio in the feedstock of biodiesel 
production process is an important factor. For instance, for FCG1 to be blended into 
the bio-oil, the methanol to oil molar ratio should be no less than 7:1. Therefore, feed 
configuration with a relatively high methanol to oil molar ratio (7:1–10:1) may be 
preferable for producing crude glycerol suitable for blending with the bio-oil. As for 
catalyst usage, the requirement for the fuel blending process may be consistent with 
that for biodiesel production process, taking into consideration the possible trade-off 
effects of NaOH on solubility and improved acidity of the fuel blends. As soap not 
only can worsen the solubility range of glycerol in the bio-oil but also can hinder 
TAN decline during ageing of the fuel blends, it is desirable to deploy feed oil of low 
FFA contents for biodiesel production. Overall, considering crude glycerol solubility 
in the bio-oil, process complexity, and product quality, the PSMR process and feed 
with relatively high methanol to oil molar ratios (7:1–10:1) for biodiesel production 
are recommended for integrating the crude glycerol/bio-oil blending process into the 
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existing biodiesel production process, as illustrated in Figure 8-8. As the blending 
ratio of the crude glycerol and bio-oil can be affected by the contents of soap and 
methanol in crude glycerol, suitable crude glycerol/bio-oil blends from process 
PSMR may be produced if the content of the bio-oil is ≥88 wt% in the fuel blends 
while the contents of methanol and soap in the crude glycerol is ≥50 wt% and ≤ 20 
wt%, respectively. 
Transesterification

















Figure 8-8 A proposed strategy for integrating the crude-glycerol/bio-oil blending 
process into the existing biodiesel production process 
8.7 Conclusions  
The major impurities in crude glycerol, water, soap, NaCl and NaOH, can have 
different adverse influence on the solubility of glycerol in the bio-oil. In general, 
NaCl and NaOH can worsen the solubility even at a low concentration of 2 wt% in 
glycerol because of their capability to aid phase separation of bio-oil. For water and 
soap, their effect on solubility becomes significant when the mass ratio of water to 
bio-oil or the mass ratio of soap to bio-oil is over 0.3 and 0.01 respectively. Although 
the impurity-containing glycerol/methanol/bio-oil blends with the composition 
studied show similar rheological properties and fuel properties (e.g., heating value, 
surface tension and density etc.) as to that of the glycerol/methanol/bio-oil blend, 
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slight reduction on acidity of fuel blends is observed upon presence of high content 
(e.g., 10 wt%) of NaOH in aqueous glycerol mixture. The ageing of 
glycerol/methanol/bio-oil blend is also influenced by the impurities. Particularly, the 
presence of alkaline matter (soap or NaOH) leads to less changes in the fuel 
properties (viscosity, water content and acidity) during long term storage. In addition, 
solubility of formulated crude glycerol (FCG) in the bio-oil and properties of the 
FCG/methanol/bio-oil blends were studied. The results suggest that it is favourable 
to integrate the blending process of crude glycerol and the bio-oil into the biodiesel 
production process without water addition to aid phase separation and neutralisation 
of glycerol phase. 
 
Reprinted from Fuel, 159, Mingming Zhang and Hongwei Wu, Effect of Major 
Impurities in Crude Glycerol on Solubility and Properties of 
Glycerol/Methanol/Bio-oil Blends, 118–127, Copyright (2015), with permission from 
Elsevier (DOI:10.1016/j.fuel.2015.06.062.) 
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS 
9.1 Introduction  
This chapter summarizes the key findings from the present study. Overall, the thesis 
has obtained essential knowledge on properties of two bio-oil-based fuel mixtures, i.e. 
biochar/bio-oil slurry fuel (bioslurry) and glycerol/bio-oil fuel blends. Firstly, a new 
quantification method was established for analysing alkali and alkaline earth metallic 
(AAEM) species in bio-oil and bioslurry fuels. Secondly, this research has 
investigated into evolution of fuel properties and ageing during bioslurry storage. 
Thirdly, fundamental understanding on leaching characteristic of biochar by bio-oil 
model compounds was achieved in this study, which is of great importance for 
mitigating undesired distribution of AAEM species in a bioslurry system. Fourthly, 
this research has reported as the first time in the field on phase behaviour and fuel 
properties of glycerol/methanol/bio-oil fuel blends. Finally, it has been demonstrated 
in this study about the effect of major impurities in crude glycerol on the solubility 
and properties of glycerol/methanol/bio-oil fuel blends, and then a possible strategy 
was proposed for utilization of crude glycerol from biodiesel industry. In addition, 
this chapter also provides some recommendations on future work in this area based 
on the conclusions and evaluations of the present research.   
9.2 Conclusions   
9.2.1 A Method for the Quantification of Alkali and Alkaline Earth Metallic 
Species in Bioslurry Fuels 
 Conventional ashing–digestion–IC method that is designed for quantifying 
AAEM species in solid fuels underestimates these values in bioslurry fuels due 
to carry-over of biochar particles during ashing;  
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 The evaporation step consists of multi-steps of slow heating and holding at 
various segment temperatures corresponding to the boiling points of the major 
compounds in bio-oil, resulting in progressive evaporation of bio-oil vapours 
with little carry-over of biochar particles; 
 The new evaporation–ashing–digestion–IC method can accurately determine the 
concentrations of AAEM species in bio-oil or bioslurry fuels, with the relative 
standard errors being within 3% and the limitations of quantification being 
0.4−3.0 ppm. 
9.2.2 Fuel Properties Evolution and Aging during Bioslurry Storage  
 Biochar has significant influence on the changes in fuel properties of the bio-oil 
phase in bioslurry. While the blank bio-oil samples showed negligible change, 
the presence of biochar in the bioslurry fuels leads to significant changes in fuel 
properties during 29 days storage;  
 The reduction of TAN and viscosity, and the increase of water content were 
observed in the bio-oil, at least partially due to some condensation reactions 
among bio-oil compounds catalysed by the biochar or reactions between the 
acidic bio-oil and the basic biochar;  
 An increase in biochar loading level leads to further reduction in the TAN and 
viscosity, and increase in the water content in the bio-oil phase during bioslurry 
storage;  
 Bislurry storage also leads to undesired redistribution of AAEM species between 
the biochar and bio-oil phase. The leaching of these inorganic species into the 
acidic bio-oil phase follows two-step kinetics. 
9.2.3 Leaching Characteristics of Alkali and Alkaline Earth Metallic Species 
from Biochar by Bio-oil Model Compounds  
 Leaching of AAEM species from biochar by bio-oil is mostly attributed to the 
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water soluble fraction of bio-oil, especially the organic acids and water in 
bio-oil;  
 The leaching capability of other individual organic compound (such as methanol, 
acetone and guaiacol) in bio-oil appears to be limited due to poor polarity or low 
dielectric constant;  
 The presence of these organic compounds can have significant impact on the 
leaching capability of water or acids;  
 Leaching of AAEM species by water can be hindered in presence of organic 
compounds with lower polarity or dielectric constant due to the decrease of salt 
solubility; 
 The presence of phenolic compounds may enhance the leaching of the AAEM 
species (especially Ca and Mg), likely due to the ability to penetrate into biochar 
structure and thus increase the accessibility of AAEM species by water or acids.  
9.2.4 Phase Behaviour and Fuel Properties of Glycerol/Methanol/Bio-Oil Blends 
 Although the solubility of glycerol in the bio-oil is poor, homogenous ternary 
glycerol/methanol/bio-oil blends can be obtained, with the aid of proper amount 
of methanol;  
 The fuel properties of such blends including heating value, viscosity, surface 
tension etc. are improved compared to the bio-oil or glycerol as an individual 
fuel;  
 Considering safe storage and handling of a fuel and the possible glycerol to 
methanol ratio that might be obtained from biodiesel production system, blends 
with a composition range (bio-oil  70 wt%; glycerol  20 wt%; methanol  10 
wt%) are recommended as potential burner fuels;  
 The accelerated aging tests of the fuel blends show that the properties of the fuel 
blends can change upon long term storage, i.e. noticeably decreases in viscosity 
and TAN accompanied with an increase in the water content.  
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9.2.5 Effect of Major Impurities in Crude Glycerol on Solubility and Properties 
of Glycerol/Methanol/Bio-oil Blends 
 The major impurities in crude glycerol (water, soap, NaCl and NaOH) can have 
different adverse influence on the solubility of glycerol in the bio-oil;  
 The effect of water and soap on glycerol solubility in bio-oil only becomes 
significant when the water to bio-oil ratio or the soap to bio-oil ratio exceeds 0.3 
and 0.01(by weight), respectively;  
 Salt (NaCl) and alkaline catalyst (NaOH) can severely worsen the solubility of 
glycerol in the bio-oil even at a concentration of 2 wt% in the glycerol aqueous 
solutions;  
 Compared to solubility, the rheological properties and fuel properties (including 
heating value, surface tension and density etc.) of the glycerol/methanol/bio-oil 
blends are little influenced by these impurities, except the acidity being slightly 
reduced for fuel blends containing high content of NaOH (e.g.,10 wt% of NaOH 
in aqueous glycerol solution);  
 Ageing of the glycerol/methanol/bio-oil blend is influenced by the impurities. 
Particularly, the presence of alkaline matter (soap or NaOH) leads to less 
changes in the fuel properties (viscosity, water content and acidity) during long 
term storage;  
 Further investigations on solubility of formulated crude glycerol (FCG) in 
bio-oil and properties of the FCG/methanol/bio-oil blends suggest that the 
crude-glycerol/bio-oil blends production process can be potentially integrated 
into the biodiesel production process without water addition to aid phase 
separation and neutralisation of glycerol phase. 
9.3 Recommendations 
On the basis of the outcome of this PhD project, recommendations for future 
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research are suggested in consideration of several new research gaps identified: 
1. Organic solvents like methanol or acetone can inhibit water leaching of AAEM 
species from biochar, thereby being considered capable of controlling the 
unwanted redistribution in a bioslurry system (Chapter 6). Further research is 
needed to investigate the distribution of AAEM species in a bioslurry system 
with addition of these solvents, and how the existing form of inherent AAEM 
species affects the property change of bioslurry;  
2. Chapter 7 and 8 have studied fuel properties of glycerol/bio-oil blends (with 
methanol and/or other impurities in crude glycerol), including viscosity, water 
content, surface tension, density, and HHV etc. Future work is needed to 
characterise additional fuel properties of such blends including pour point, cloud 
point and freezing point, in consideration of the high freezing point of 
glycerol.
167
 Therefore, systematic studies should be carried out to study the cold 
flow behaviour of the obtained (crude) glycerol/bio-oil blends; 
3. In this study, the whole bio-oil was used to blend with glycerol. Considering the 
polarity similarity, glycerol may have better solubility in the bio-oil water 
soluble fraction compared to in the whole bio-oil. Therefore, a co-production 
strategy may be considered to use bio-oil water soluble fraction to produce fuel 
blends with glycerol, and use the bio-oil water insoluble fraction as feedstock for 
phenol replacement production; 
4. Fuel quality of bio-oil-based fuel mixtures (bioslurry fuels and fuel blends with 
glycerol) seems to be suitable for combustion application. However, combustion 
behaviour or atomization characteristics of these fuel mixtures should be 
investigated to collect data for practical application.  
     
 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  144 
REFERENCES 
(1) IPCC Intergovernmental Panel on Climate Change. http://www.ipcc.ch , 2009  
(2) IEA "World Energy Outlook 2012". OECD/IEA, 2012  
(3) Bridgwater, A. V., Therm. Sci. 2004, 8, 21-49. 
(4) Mohan, D.; Pittman Jr., C. U.; Steele, P. H., Energy Fuels 2006, 20, 848-889. 
(5) Solantausta, Y.; Oasmaa, A.; Sipilä, K.; Lindfors, C.; Lehto, J.; Autio, J.; Jokela, P.; 
Alin, J.; Heiskanen, J., Energy & Fuels 2011, 26, (1), 233-240. 
(6) Oasmaa, A.; Källi, A.; Lindfors, C.; Elliott, D. C.; Springer, D.; Peacocke, C.; 
Chiaramonti, D., Energy & Fuels 2012, 26, (6), 3864-3873. 
(7) Huber, G. W.; Iborra, S.; Corma, A., Chem. Rev. 2006, 106, 4044-4098. 
(8) Helle, S.; Bennett, N. M.; Lau, K.; Matsui, J. H.; Duff, S. J. B., Carbohydrate 
Research 2007, 342, (16), 2365-2370. 
(9) Bennett, N. M.; Helle, S. S.; Duff, S. J. B., Bioresource Technology 2009, 100, (23), 
6059-6063. 
(10) Venderbosch, R. H.; Ardiyanti, A. R.; Wildschut, J.; Oasmaa, A.; Heeres, H. J., J 
Chem Technol Biotechnol 2010, 85, (8), 674-686. 
(11) Baldwin, R. M.; Feik, C. J., Energy & Fuels 2013, 27, (6), 3224-3238. 
(12) Hilten, R. N.; Speir, R. A.; Kastner, J. R.; Mani, S.; Das, K. C., Energy & Fuels 
2012, 27, (2), 844-856. 
(13) Hilten, R. N.; Speir, R. A.; Kastner, J. R.; Mani, S.; Das, K. C., Energy & Fuels 
2013, 27, (2), 830-843. 
(14) Jackson, M. A., Energy & Fuels 2013, 27, (7), 3936-3943. 
(15) Qu, W.; Wei, L.; Julson, J., Energy & Fuels 2013, 27, (8), 4717-4722. 
(16) Elliott, D. C.; Hart, T. R.; Neuenschwander, G. G.; Rotness, L. J.; Olarte, M. V.; 
Zacher, A. H.; Solantausta, Y., Energy & Fuels 2012, 26, (6), 3891-3896. 
(17) No, S.-Y., Renewable and Sustainable Energy Reviews 2014, 40, (0), 1108-1125. 
(18) Czernik, S.; Bridgwater, A., Energy & Fuels 2004, 18, (2), 590-598. 
(19) Staš, M.; Kubička, D.; Chudoba, J.; Pospíšil, M., Energy & Fuels 2014, 28, (1), 
385-402. 
(20) Chaala, A.; Ba, T.; Garcia-Perez, M.; Roy, C., Energy & Fuels 2004, 18, (5), 
1535-1542. 
(21) Peacocke, A. O. a. C., VTT publication 450 2001. 
(22) Lu, Q.; Li, W.-Z.; Zhu, X.-F., Energy Conversion and Management 2009, 50, (5), 
1376-1383. 
(23) Henrich, E.; Weirich, F., Env. Eng. Science 2004, 21, (1), 53-64. 
(24) Wu, H.; Yu, Y.; Yip, K., Energy & Fuels 2010, 24, (10), 5652-5659. 
(25) Tangsathitkulchai, C.; Weerachanchai, P.; Tangsathitkulchai, M., Korean J. Chem. 
Eng. 2012, 29, (12), 1713-1721. 
(26) Trinh, T. N.; Jensen, P. A.; Dam-Johansen, K.; Knudsen, N. O.; Sørensen, H. R.; 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  145 
Szabo, P., Biomass and Bioenergy 2014, 61, (0), 227-235. 
(27) Abdullah, H.; Mourant, D.; Li, C.-Z.; Wu, H., Energy & Fuels 2010, 24, (10), 
5669-5676. 
(28) Abdullah, H.; Wu, H., Energy & Fuels 2011, 25, (4), 1759-1771. 
(29) Diebold, J. P.; Czernik, S., Energy & Fuels 1997, 11, (5), 1081-1091. 
(30) Czernik, S.; Johnson, D. K.; Black, S., Biomass and Bioenergy 1994, 7, (1–6), 
187-192. 
(31) Jiang, X.; Zhong, Z.; Ellis, N.; Wang, Q., Chemical Engineering & Technology 
2011, 34, (5), 727-736. 
(32) Oasmaa, A.; Kuoppala, E., Energy & Fuels 2003, 17, (4), 1075-1084. 
(33) Naske, C. D.; Polk, P.; Wynne, P. Z.; Speed, J.; Holmes, W. E.; Walters, K. B., 
Energy & Fuels 2011, 26, (2), 1284-1297. 
(34) Diebold, J. P. A review of the chemical and physical mechanisms of the storage 
stability of fast pyrolysis bio-oils; National Renewable Energy Laboratory Golden, CO 
(United States): 2000. 
(35) Diebold, J. P.; Scahill, J.; Czernik, S.; Phillips, S.; Feik, C. Progress in the 
production of hot-gas filtered biocrude oil at NREL; National Renewable Energy Lab., 
Golden, CO (United States): 1995. 
(36) Yip, K.; Tian, F.; Hayashi, J.-i.; Wu, H., Energy & Fuels 2010, 24, (1), 173-181. 
(37) Gao, X.; Wu, H., Energy & Fuels 2011, 25, (6), 2702-2710. 
(38) Xu, M.; Sheng, C., Energy & Fuels 2011, 26, (1), 209-218. 
(39) Oasmaa, A.; Czernik, S., Energy & Fuels 1999, 13, (4), 914-921. 
(40) Lim, S.; Teong, L. K., Renewable and Sustainable Energy Reviews 2010, 14, (3), 
938-954. 
(41) Lin, L.; Cunshan, Z.; Vittayapadung, S.; Xiangqian, S.; Mingdong, D., Applied 
Energy 2011, 88, (4), 1020-1031. 
(42) J. Van Gerpen, B. S., and R. Pruszko biodiesel production technology; National 
Renewable Energy Laboratory Golden, CO (United States): 2004. 
(43) Johnson, D. T.; Taconi, K. A., Environmental Progress 2007, 26, (4), 338-348. 
(44) Thurmond, W. Global Biodiesel Market Trends, Outlook and Opportunities; 
2010. 
(45) Yang, F.; Hanna, M. A.; Sun, R., Biotechnol Biofuels 2012, 5, 13. 
(46) Leoneti, A. B.; Aragão-Leoneti, V.; de Oliveira, S. V. W. B., Renewable Energy 
2012, 45, (0), 138-145. 
(47) Fernando, S.; Adhikari, S.; Kota, K.; Bandi, R., Fuel 2007, 86, (17–18), 
2806-2809. 
(48) Hu, S.; Luo, X.; Wan, C.; Li, Y., Journal of Agricultural and Food Chemistry 
2012, 60, (23), 5915-5921. 
(49) Thompson, J.; He, B., Applied Engineering in Agriculture 2006, 22, (2), 261. 
(50) Tan, H. W.; Abdul Aziz, A. R.; Aroua, M. K., Renewable and Sustainable Energy 
Reviews 2013, 27, (0), 118-127. 
(51) Gupta, M.; Kumar, N., Renewable and Sustainable Energy Reviews 2012, 16, (7), 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  146 
4551-4556. 
(52) Bohon, M. D.; Metzger, B. A.; Linak, W. P.; King, C. J.; Roberts, W. L., 
Proceedings of the Combustion Institute 2011, 33, (2), 2717-2724. 
(53) Patzer, R.; Norris, M.; Doering, A.; Jorgenson, R.; Neece, C.; Zimmerli, B. Stack 
emissions evaluation: combustion of crude glycerin and yellow grease in an industrial 
fire tube boiler; Agricultural Utilization Research Institute, Marshall, MN, USA: 
2007. 
(54) Mohan, D.; Pittman, C. U.; Steele, P. H., Energy & Fuels 2006, 20, (3), 848-889. 
(55) Zhang, L.; Xu, C.; Champagne, P., Energy Conversion and Management 2010, 51, 
(5), 969-982. 
(56) Nigam, P. S.; Singh, A., Progress in Energy and Combustion Science 2011, 37, (1), 
52-68. 
(57) Demirbas, M. F., Applied Energy 2011, 88, (10), 3473-3480. 
(58) Demirbaş, A., Energy Conversion and Management 2001, 42, (11), 1357-1378. 
(59) Zhang, Q.; Chang, J.; Wang, T.; Xu, Y., Energy Conversion and Management 
2007, 48, (1), 87-92. 
(60) Laird, D. A.; Brown, R. C.; Amonette, J. E.; Lehmann, J., Biofuels, Bioproducts 
and Biorefining 2009, 3, (5), 547-562. 
(61) Issariyakul, T.; Dalai, A. K., Renewable and Sustainable Energy Reviews 2014, 
31, (0), 446-471. 
(62) Leung, D. Y. C.; Wu, X.; Leung, M. K. H., Applied Energy 2010, 87, (4), 
1083-1095. 
(63) Abbaszaadeh, A.; Ghobadian, B.; Omidkhah, M. R.; Najafi, G., Energy 
Conversion and Management 2012, 63, (0), 138-148. 
(64) Bridgwater, A. V., Biomass and Bioenergy 2012, 38, (0), 68-94. 
(65) Qian, K.; Kumar, A.; Zhang, H.; Bellmer, D.; Huhnke, R., Renewable and 
Sustainable Energy Reviews 2015, 42, (0), 1055-1064. 
(66) McKendry, P., Bioresource Technology 2002, 83, (1), 37-46. 
(67) Vassilev, S. V.; Baxter, D.; Andersen, L. K.; Vassileva, C. G., Fuel 2010, 89, (5), 
913-933. 
(68) IEA International Energy Agency on Bioenergy. 
https://www.iea.org/topics/renewables/subtopics/bioenergy/, 2015  
(69) IEA "World Energy Outlook 2013". OECD/IEA, 2013  
(70) Maciejewska, A.; Veringa, H.; Sanders, J.; Peteves, S. Co-firing of biomass with 
coal: constraints and role of biomass pre-treatment; European Communities, 
Netherlands: 2006. 
(71) Khan, A. A.; de Jong, W.; Jansens, P. J.; Spliethoff, H., Fuel Processing 
Technology 2009, 90, (1), 21-50. 
(72) Ni, M.; Leung, D. Y. C.; Leung, M. K. H.; Sumathy, K., Fuel Processing 
Technology 2006, 87, (5), 461-472. 
(73) Panwar, N. L.; Kothari, R.; Tyagi, V. V., Renewable and Sustainable Energy 
Reviews 2012, 16, (4), 1801-1816. 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  147 
(74) Özbay, N.; Pütün, A. E.; Pütün, E., Journal of Analytical and Applied Pyrolysis 
2001, 60, (1), 89-101. 
(75) Bridgwater, A. V.; Peacocke, G. V. C., Renewable and Sustainable Energy 
Reviews 2000, 4, (1), 1-73. 
(76) Rezaiyan, J.; Cheremisinoff, N. P., Gasification technologies: a primer for 
engineers and scientists. CRC press: 2005. 
(77) Manyà, J. J., Environmental Science & Technology 2012, 46, (15), 7939-7954. 
(78) Venderbosch, R. H.; Prins, W., Biofuels, Bioproducts and Biorefining 2010, 4, (2), 
178-208. 
(79) Zheng, A.; Zhao, Z.; Chang, S.; Huang, Z.; He, F.; Li, H., Energy & Fuels 2012, 
26, (5), 2968-2974. 
(80) Dufour, A.; Castro-Díaz, M.; Marchal, P.; Brosse, N.; Olcese, R.; Bouroukba, M.; 
Snape, C., Energy & Fuels 2012, 26, (10), 6432-6441. 
(81) Zhang, H.; Carlson, T. R.; Xiao, R.; Huber, G. W., Green Chemistry 2012, 14, (1), 
98-110. 
(82) Huang, Y.; Kudo, S.; Masek, O.; Norinaga, K.; Hayashi, J.-i., Energy & Fuels 
2012, 27, (1), 247-254. 
(83) Tapasvi, D.; Khalil, R. A.; Varhegyi, G.; Tran, K.-Q.; Gronli, M. G.; Skreiberg, Ø., 
Energy & Fuels 2013, 27, 6134-6145. 
(84) Zhou, S.; Garcia-Perez, M.; Pecha, B.; Kersten, S. R. A.; McDonald, A. G.; 
Westerhof, R. J. M., Energy & Fuels 2013, 27, 5867-5877. 
(85) Rozhan, A. N.; Cahyono, R. B.; Yasuda, N.; Nomura, T.; Hosokai, S.; Purwanto, 
H.; Akiyama, T., Energy & Fuels 2012, 26, (12), 7340-7346. 
(86) Bridgwater, A. V., Journal of Analytical and Applied Pyrolysis 1999, 51, (1–2), 
3-22. 
(87) Meier, D.; Faix, O., Bioresource Technology 1999, 68, (1), 71-77. 
(88) Bridgwater, A. V., Chemical Engineering Journal 2003, 91, (2–3), 87-102. 
(89) Heo, H. S.; Park, H. J.; Park, Y.-K.; Ryu, C.; Suh, D. J.; Suh, Y.-W.; Yim, J.-H.; 
Kim, S.-S., Bioresource Technology 2010, 101, (1, Supplement), S91-S96. 
(90) Wright, M. M.; Daugaard, D. E.; Satrio, J. A.; Brown, R. C., Fuel 2010, 89, 
Supplement 1, (0), S2-S10. 
(91) Boucher, M.; Chaala, A.; Pakdel, H.; Roy, C., Biomass and Bioenergy 2000, 19, 
(5), 351-361. 
(92) Miao, X.; Wu, Q.; Yang, C., Journal of Analytical and Applied Pyrolysis 2004, 71, 
(2), 855-863. 
(93) Mercader, F. d. M.; Groeneveld, M. J.; Kersten, S. R. A.; Venderbosch, R. H.; 
Hogendoorn, J. A., Fuel 2010, 89, (10), 2829-2837. 
(94) Xiu, S.; Shahbazi, A., Renewable and Sustainable Energy Reviews 2012, 16, (7), 
4406-4414. 
(95) Anja Oasmaa, E. L., Päivi Koponen, Johanna Levander & Eija Tapola, VTT 
publication 306 1997, 68. 
(96) Sipilä, K.; Kuoppala, E.; Fagernäs, L.; Oasmaa, A., Biomass and Bioenergy 1998, 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  148 
14, (2), 103-113. 
(97) Maggi, R.; Delmon, B., Biomass and Bioenergy 1994, 7, (1–6), 245-249. 
(98) Oasmaa, A.; Meier, D., Journal of Analytical and Applied Pyrolysis 2005, 73, (2), 
323-334. 
(99) Novozamsky, I.; van der Lee, H. J.; Houba, V. J., Microchimica Acta 1995, 119, 
(3-4), 183-189. 
(100) Long, J.; Song, H.; Jun, X.; Sheng, S.; Lun-shi, S.; Kai, X.; Yao, Y., Bioresource 
Technology 2012, 116, (0), 278-284. 
(101) Jendoubi, N.; Broust, F.; Commandre, J. M.; Mauviel, G.; Sardin, M.; Lédé, J., 
Journal of Analytical and Applied Pyrolysis 2011, 92, (1), 59-67. 
(102) Fahmi, R.; Bridgwater, A. V.; Donnison, I.; Yates, N.; Jones, J. M., Fuel 2008, 87, 
(7), 1230-1240. 
(103) Boucher, M. E.; Chaala, A.; Roy, C., Biomass and Bioenergy 2000, 19, (5), 
337-350. 
(104) Douglas C, E., Biomass and Bioenergy 1994, 7, (1-6), 179-185. 
(105) Chiaramonti, D.; Bonini, M.; Fratini, E.; Tondi, G.; Gartner, K.; Bridgwater, A. 
V.; Grimm, H. P.; Soldaini, I.; Webster, A.; Baglioni, P., Biomass and Bioenergy 2003, 
25, (1), 85-99. 
(106) Henrich, E.; Weirich, F., Environmental engineering science 2004, 21, (1), 
53-64. 
(107) Garcia-Perez, M.; Chaala, A.; Pakdel, H.; Kretschmer, D.; Roy, C., Biomass and 
Bioenergy 2007, 31, (4), 222-242. 
(108) Meier, D., New Methods for chemical and physical characterization and round 
robin testing. In Fast pyrolysis of biomass: a handbook, Newbury, UK: CPL Press, 
1999, 92-101. 
(109) Lehto, J.; Oasmaa, A.; Solantausta, Y., VTT TECHNOLOGY 87 2013. 
(110) Pretsch, E.; Bühlmann, P.; Affolter, C.; Pretsch, E.; Bhuhlmann, P.; Affolter, C., 
Structure determination of organic compounds. Springer Berlin Heidelberg: 2009. 
(111) Garcia-Perez, M.; Chaala, A.; Pakdel, H.; Kretschmer, D.; Rodrigue, D.; Roy, C., 
Energy & Fuels 2006, 20, (1), 364-375. 
(112) Oasmaa, A.; Peacocke, C., VTT Publications: Finland 2010. 
(113) Calabria, R.; Chiariello, F.; Massoli, P., Experimental Thermal and Fluid 
Science 2007, 31, (5), 413-420. 
(114) Wall, T. F., Symposium (International) on Combustion 1992, 24, (1), 1119-1126. 
(115) Scahill, J.; Diebold, J. P.; Feik, C., Removal of Residual Char Fines from 
Pyrolysis Vapors by Hot Gas Filtration. In Developments in Thermochemical Biomass 
Conversion, Springer Netherlands: 1997, 253-266. 
(116) Lefebvre, A. H., Atomization and sprays. Hemisphere Pub. Corp.: New York 
1989. 
(117) Aubin, H.; Roy, C., Petroleum Science and Technology 1990, 8, (1), 77-86. 
(118) Darmstadt, H.; Garcia-Perez, M.; Adnot, A.; Chaala, A.; Kretschmer, D.; Roy, C., 
Energy & Fuels 2004, 18, (5), 1291-1301. 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  149 
(119) Graham, R.; Huffman, D., Commercial aspects of rapid thermal processing 
(RTP). In Bio-oil Production and Utilization, CPL Press: Newbury, UK, 1996, 86-95. 
(120) Oasmaa, A.; Kytö, M.; Sipilä, K., Pyrolysis Oil Combustion Tests in an 
Industrial Boiler. In Progress in Thermochemical Biomass Conversion, Blackwell 
Science Ltd: 2008, 1468-1481. 
(121) Lehto, J.; Oasmaa, A.; Solantausta, Y.; Kytö, M.; Chiaramonti, D., Applied 
Energy 2014, 116, (0), 178-190. 
(122) Gust, S., Combustion experiences of flash pyrolysis fuel in intermediate size 
boilers. In Developments in thermochemical biomass conversion, Springer: 1997, 
481-488. 
(123) Sturzl, R. The commercial co-firing of RTP bio-oil at the Manitowoc Public 
Utilities power generation station. http://www.ensyn.com  
(124) Wagenaar BM, G. E., Florijn J, Venderbosch RH, Penninks FWM., Stellingwerf 
A., Bio-oil as natural gas substitute in a 350 MWe power station. In Second world 
conference on biomass for energy, industry and climate protection, Rome, Italy, 2004. 
(125) Huber, G. W.; Iborra, S.; Corma, A., Chemical Reviews 2006, 106, (9), 
4044-4098. 
(126) Bridgwater, A. V., Upgrading fast pyrolysis liquids. In Thermochemical 
Processing of Biomass: Conversion into Fuels, Chemicals and Power, John Wiley & 
Sons: 2011. 
(127) Elliott, D. C.; Beckman, D.; Bridgwater, A. V.; Diebold, J. P.; Gevert, S. B.; 
Solantausta, Y., Energy & Fuels 1991, 5, (3), 399-410. 
(128) Butler, E.; Devlin, G.; Meier, D.; McDonnell, K., Renewable and Sustainable 
Energy Reviews 2011, 15, (8), 4171-4186. 
(129) Wang, D.; Czernik, S.; Montané, D.; Mann, M.; Chornet, E., Industrial & 
Engineering Chemistry Research 1997, 36, (5), 1507-1518. 
(130) Czernik, S.; French, R.; Feik, C.; Chornet, E., Industrial & Engineering 
Chemistry Research 2002, 41, (17), 4209-4215. 
(131) Trane, R.; Dahl, S.; Skjøth-Rasmussen, M. S.; Jensen, A. D., International 
Journal of Hydrogen Energy 2012, 37, (8), 6447-6472. 
(132) Sohi, S. P.; Krull, E.; Lopez-Capel, E.; Bol, R., Chapter 2 - A Review of Biochar 
and Its Use and Function in Soil. In Advances in Agronomy, Academic Press: 2010, 
47-82. 
(133) Bruun, E. W.; Ambus, P.; Egsgaard, H.; Hauggaard-Nielsen, H., Soil Biology 
and Biochemistry 2012, 46, (0), 73-79. 
(134) Srivastava, S. C.; Godiwalla, K. M.; Banerjee, M. K., Journal of Materials 
Science 1997, 32, (4), 835-849. 
(135) Cutler, A.; Raask, E., Corrosion Science 1981, 21, (11), 789-800. 
(136) Jensen, P. A.; Stenholm, M.; Hald, P., Energy & Fuels 1997, 11, (5), 1048-1055. 
(137) Jenkins, B. M.; Baxter, L. L.; Miles Jr, T. R.; Miles, T. R., Fuel Processing 
Technology 1998, 54, (1–3), 17-46. 
(138) Gabra, M.; Nordin, A.; Öhman, M.; Kjellström, B., Biomass and Bioenergy 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  150 
2001, 21, (6), 461-476. 
(139) Gao, X.; Wu, H., Energy & Fuels 2011, 25, (9), 4172-4181. 
(140) Sakaguchi, M.; Watkinson, A. P.; Ellis, N., Energy & Fuels 2010, 24, (9), 
5181-5189. 
(141) Hagman, H.; Backman, R.; Boström, D., Energy & Fuels 2013, 27, (10), 
5617-5627. 
(142) Jones, F.; Niklasson, F.; Lindberg, D.; Hupa, M., Energy & Fuels 2013, 27, (8), 
4999-5007. 
(143) Lynch, D.; Henihan, A. M.; Kwapinski, W.; Zhang, L.; Leahy, J. J., Energy & 
Fuels 2013, 27, (8), 4684-4694. 
(144) Ayoub, M.; Abdullah, A. Z., Renewable and Sustainable Energy Reviews 2012, 
16, (5), 2671-2686. 
(145) Byrd, A. J.; Pant, K. K.; Gupta, R. B., Fuel 2008, 87, (13–14), 2956-2960. 
(146) Delgado, R.; Rosas, J. G.; Gómez, N.; Martínez, O.; Sanchez, M. E.; Cara, J., 
Fuel 2013, 112, (0), 31-37. 
(147) Xiao, Y.; Xiao, G.; Varma, A., Industrial & Engineering Chemistry Research 
2013, 52, (39), 14291-14296. 
(148) Anand, P.; Saxena, R. K., New Biotechnology 2012, 29, (2), 199-205. 
(149) Santibáñez, C.; Varnero, M. T.; Bustamante, M., Chilean J Agric Res 2011, 71, 
469-475. 
(150) Asad ur, R.; Wijesekara R.G, S.; Nomura, N.; Sato, S.; Matsumura, M., Journal 
of Chemical Technology & Biotechnology 2008, 83, (7), 1072-1080. 
(151) Liang, Y.; Cui, Y.; Trushenski, J.; Blackburn, J. W., Bioresource Technology 
2010, 101, (19), 7581-7586. 
(152) Valliyappan, T.; Ferdous, D.; Bakhshi, N. N.; Dalai, A. K., Top Catal 2008, 49, 
(1-2), 59-67. 
(153) Pyle, D. J.; Garcia, R. A.; Wen, Z., Journal of Agricultural and Food Chemistry 
2008, 56, (11), 3933-3939. 
(154) Escribà, M.; Eras, J.; Villorbina, G.; Balcells, M.; Blanch, C.; Barniol, N.; 
Canela, R., Waste Biomass Valor 2011, 2, (3), 285-290. 
(155) Slinn, M.; Kendall, K.; Mallon, C.; Andrews, J., Bioresource Technology 2008, 
99, (13), 5851-5858. 
(156) Hansen, C. F.; Hernandez, A.; Mullan, B. P.; Moore, K.; Trezona-Murray, M.; 
King, R. H.; Pluske, J. R., Animal Production Science 2009, 49, (2), 154-161. 
(157) Hájek, M.; Skopal, F., Bioresource Technology 2010, 101, (9), 3242-3245. 
(158) Mize, H. E.; Lucio, A. J.; Fhaner, C. J.; Pratama, F. S.; Robbins, L. A.; 
Karpovich, D. S., Journal of Agricultural and Food Chemistry 2013, 61, (6), 
1319-1327. 
(159) Papanikolaou, S.; Fakas, S.; Fick, M.; Chevalot, I.; Galiotou-Panayotou, M.; 
Komaitis, M.; Marc, I.; Aggelis, G., Biomass and Bioenergy 2008, 32, (1), 60-71. 
(160) Chatzifragkou, A.; Makri, A.; Belka, A.; Bellou, S.; Mavrou, M.; Mastoridou, 
M.; Mystrioti, P.; Onjaro, G.; Aggelis, G.; Papanikolaou, S., Energy 2011, 36, (2), 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  151 
1097-1108. 
(161) Rywińska, A.; Rymowicz, W., J Ind Microbiol Biotechnol 2010, 37, (5), 
431-435. 
(162) Mothes, G.; Schnorpfeil, C.; Ackermann, J. U., Engineering in Life Sciences 
2007, 7, (5), 475-479. 
(163) Freedman, B.; Pryde, E. H.; Mounts, T. L., Journal of the American Oil 
Chemists Society 1984, 61, (10), 1638-1643. 
(164) RICCA Chemical Company, Material Safety Data Sheet for Alcohol-Glycerol, 
50:50. http://www.riccachemical.com/Technical-Support/MSDS/r0290000  
(165) Glycerine Producers' Association, Physical Properties of Glycerine and its 
Solutions. In New York : Glycerine Producers' Association: 1963. 
(166) Soap Detergent Association, Glycerine: an overview; Glycerine & 
Oleochemical Division, New York, NY: 1990. 
(167) Lane, L. B., Industrial & Engineering Chemistry 1925, 17, (9), 924-924. 
(168) Steinmetz, S. A.; Herrington, J. S.; Winterrowd, C. K.; Roberts, W. L.; Wendt, J. 
O. L.; Linak, W. P., Proceedings of the Combustion Institute 2013, 34, (2), 2749-2757. 
(169) Quispe, C. A. G.; Coronado, C. J. R.; Carvalho Jr, J. A., Renewable and 
Sustainable Energy Reviews 2013, 27, (0), 475-493. 
(170) Striūgas, N., Laboratory of combustion, Lithuanian Energy Institute 2010. 
(171) Coronado, C. R.; Carvalho Jr, J. A.; Quispe, C. A.; Sotomonte, C. R., Applied 
Thermal Engineering 2014, 63, (1), 97-104. 
(172) Metzger, B. Glycerol Combustion. North Carolina State University, 2007. 
(173) Dou, B.; Rickett, G. L.; Dupont, V.; Williams, P. T.; Chen, H.; Ding, Y.; Ghadiri, 
M., Bioresource Technology 2010, 101, (7), 2436-2442. 
(174) Skoulou, V. K.; Zabaniotou, A. A., Journal of Analytical and Applied Pyrolysis 
2013, 99, (0), 110-116. 
(175) Wei, L.; Pordesimo, L. O.; Haryanto, A.; Wooten, J., Bioresource Technology 
2011, 102, (10), 6266-6272. 
(176) Abdullah, H. High Energy Density Fuels Derived from Mallee Biomass: Fuel 
Properties and Implications. Curtin University, 2010. 
(177) Tsai, S. C.; Knell, E. W., Fuel 1986, 65, (4), 566-571. 
(178) Kawatra, S. K., Coal–water slurries. In Particle Technology and Applications, 
CRC Press: 2012. 
(179) Bienstock, D.; Jamgochian, E. M., Fuel 1981, 60, (9), 851-864. 
(180) Wang, Y.; Wang, Z.; Li, S.; Lin, W.; Song, W., Energy & Fuels 2010, 24, (9), 
5210-5214. 
(181) Feng, P.; Hao, L.; Huo, C.; Wang, Z.; Lin, W.; Song, W., Energy 2014, 66, (0), 
744-749. 
(182) Yu, Y.; Wu, H., Energy & Fuels 2010, 24, (10), 5660-5668. 
(183) Sakaguchi, M.; Watkinson, A. P.; Ellis, N., Fuel 2010, 89, (10), 3078-3084. 
(184) Ikura, M.; Stanciulescu, M.; Hogan, E., Biomass and Bioenergy 2003, 24, (3), 
221-232. 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  152 
(185) Li, Y.; Wang, T.; Liang, W.; Wu, C.; Ma, L.; Zhang, Q.; Zhang, X.; Jiang, T., 
Energy & Fuels 2010, 24, (3), 1987-1995. 
(186) Qianqian, Y.; Shurong, W.; Xinbao, L.; Zuogang, G.; Yueling, G., 
Optoelectronics and Image Processing 2010, 343-347. 
(187) Guo, Z.; Wang, S.; Wang, X., Energy 2014, 66, (0), 250-255. 
(188) Gu, Y. L.; Yin, Q. Q.; Wang, S. R.; Li, X. B.; Guo, Z. G.; Luo, Z. Y., Advanced 
Materials Research 2012, 433, 94-99. 
(189) Weerachanchai, P.; Tangsathitkulchai, C.; Tangsathitkulchai, M., World Acad Sci 
Eng Technol 2009, 56, 387-393. 
(190) Baglioni, P.; Chiaramonti, D.; Bonini, M.; Soldaini, I.; Tondi, G., 
Bio-Crude-Oil/Diesel Oil Emulsification: main Achievements of the Emulsification 
Process and Preliminary Results of Tests on Diesel engine. In Progress in 
Thermochemical Biomass Conversion, Blackwell Science Ltd: 2008, 1525-1539. 
(191) Calabria, R.; Massoli, P.; Milani, S.; Bonini, M.; Baglioni, P. Proceedings of the 
14th European biomass conference, 2005; 2005; 17-21. 
(192) Chiaramonti, D.; Bonini, M.; Fratini, E.; Tondi, G.; Gartner, K.; Bridgwater, A. 
V.; Grimm, H. P.; Soldaini, I.; Webster, A.; Baglioni, P., Biomass and Bioenergy 2003, 
25, (1), 101-111. 
(193) Jiang, X.; Ellis, N., Energy & Fuels 2009, 24, (2), 1358-1364. 
(194) Jiang, X.; Ellis, N., Energy & Fuels 2010, 24, (4), 2699-2706. 
(195) Prakash, R.; Singh, R. K.; Murugan, S., International Journal of Green Energy 
2012, 9, (8), 749-765. 
(196) Prakash, R.; Singh, R. K.; Murugan, S., Waste Biomass Valor 2013, 4, (3), 
475-484. 
(197) Oasmaa, A.; Kuoppala, E.; Selin, J.-F.; Gust, S.; Solantausta, Y., Energy & Fuels 
2004, 18, (5), 1578-1583. 
(198) Moloodi, S.; Tzanetakis, T.; Nguyen, B.; Zarghami-Tehran, M.; Khan, U.; 
Thomson, M. J., Energy & Fuels 2012, 26, (9), 5452-5461. 
(199) Garcia-Perez, M.; Adams, T. T.; Goodrum, J. W.; Geller, D. P.; Das, K., Energy 
& fuels 2007, 21, (4), 2363-2372. 
(200) Garcia-Perez, M.; Shen, J.; Wang, X. S.; Li, C.-Z., Fuel Processing Technology 
2010, 91, (3), 296-305. 
(201) Alcala, A.; Bridgwater, A. V., Fuel 2013, 109, (0), 417-426. 
(202) Černoch, M.; Skopal, F.; Hájek, M., European Journal of Lipid Science and 
Technology 2009, 111, (7), 663-668. 
(203) Agblevor, F.; Besler, S., Energy & Fuels 1996, 10, (2), 293-298. 
(204) Burton, A.; Wu, H., Energy & Fuels 2012, 26, (11), 6979-6987. 
(205) Rahim, M. U.; Gao, X.; Garcia-Perez, M.; Li, Y.; Wu, H., Energy & Fuels 2012, 
27, (1), 310-317. 
(206) ASTM Standard E870-82, 2006, "Standard Test Methods for Analysis of Wood 
Fuels," ASTM International, West Conshohocken, PA, 2006, DOI: 
10.1520/E0870-82R06, www.astm.org. 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  153 
(207) Li, C. Z.; Sathe, C.; Kershaw, J. R.; Pang, Y., Fuel 2000, 79, (3–4), 427-438. 
(208) Gao, X.; Wu, H., Energy & Fuels 2010, 24, (8), 4571-4580. 
(209) Okuno, T.; Sonoyama, N.; Hayashi, J.-i.; Li, C.-Z.; Sathe, C.; Chiba, T., Energy 
& Fuels 2005, 19, (5), 2164-2171. 
(210) United States Environmental Protection Agency (U.S. EPA). Microwave assisted 
acid digestion of siliceous and organically based matrics. In Test Methods for 
Evaluating Solid Waste, Method 3052; U.S. EPA: Washington, D.C., 1996. 
(211) Anja Oasmaa, E. L., Päivi Koponen, Johanna Levander & Eija Tapola, VTT 
publication 306 1997, 20-21. 
(212) Wang, J.-J.; Chang, J.; Fan, J., Energy & Fuels 2010, 24, (5), 3251-3255. 
(213) Oasmaa, A.; Elliott, D. C.; Korhonen, J., Energy & Fuels 2010, 24, (12), 
6548-6554. 
(214) Agblevor, F. A., Proceedings of the AIChE Annual Meeting; Salt Lake City, UT 
2010. 
(215) Garcia-Perez, M.; Wang, S.; Shen, J.; Rhodes, M.; Lee, W. J.; Li, C.-Z., Energy 
& Fuels 2008, 22, (3), 2022-2032. 
(216) Oasmaa, A.; Czernik, S., Energy Fuels 1999, 13, 914-921. 
(217) Chang, C.-C.; Wu, S.-R.; Lin, C.-C.; Wan, H.-P.; Lee, H.-T., Energy & Fuels 
2012, 26, (5), 2962-2967. 
(218) Salehi, E.; Abedi, J.; Harding, T. G.; Seyedeyn-Azad, F., Energy & Fuels 2013, 
27, (6), 3332-3340. 
(219) Sonoyama, N.; Okuno, T.; Mašek, O.; Hosokai, S.; Li, C.-Z.; Hayashi, J.-i., 
Energy & Fuels 2006, 20, (3), 1294-1297. 
(220) Liu, Y.; Shi, Q.; Zhang, Y.; He, Y.; Chung, K. H.; Zhao, S.; Xu, C., Energy & 
Fuels 2012, 26, (7), 4532-4539. 
(221) Yang, H.; Kudo, S.; Kuo, H.-P.; Norinaga, K.; Mori, A.; Mašek, O.; Hayashi, 
J.-i., Energy & Fuels 2013, 27, (5), 2675-2686. 
(222) Xiu, S.; Shahbazi, A.; Shirley, V. B.; Wang, L., Bioresource Technology 2011, 
102, (2), 1928-1932. 
(223) Zhao, M.; Han, Z.; Sheng, C.; Wu, H., Energy & Fuels 2013, 27, (2), 898-907. 
(224) Schramel, P.; Lill, G.; Seif, R., Z. Anal. Chem. 1987, 326, (2), 135-138. 
(225) Matusiewicz, H., Wet digestion methods. In Sample preparation for trace 
element analysis, Elsevier: 2003, 193-233. 
(226) Garcia-Perez, M.; Lappas, P.; Hughes, P.; Dell, L.; Chaala, A.; Kretschmer, D.; 
Roy, C., IFRF Combustion Journal 2006, 200601. 
(227) Vitolo, S.; Seggiani, M.; Frediani, P.; Ambrosini, G.; Politi, L., Fuel 1999, 78, 
(10), 1147-1159. 
(228) Branca, C.; Blasi, C. D.; Elefante, R., Industrial & engineering chemistry 
research 2005, 44, (4), 799-810. 
(229) van Rossum, G.; Güell, B. M.; Ramachandran, R. P. B.; Seshan, K.; Lefferts, L.; 
Van Swaaij, W. P.; Kersten, S. R., AIChE journal 2010, 56, (8), 2200-2210. 
(230) Li, L.; Yin, X.; Wu, C.; Ma, L.; Zhou, Z., Proceedings of ISES World Congress 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  154 
2009, 2393-2396. 
(231) Zhang, M.; Chen, H.-P.; Gao, Y.; Yang, H.-P.; Wang, X.-H.; Zhang, S.-H., 
BioResources 2009, 5, (1), 135-146. 
(232) Branca, C.; Di Blasi, C.; Russo, C., Fuel 2005, 84, (1), 37-45. 
(233) Lachas, H.; Richaud, R.; Herod, A.; Dugwell, D.; Kandiyoti, R.; Jarvis, K., 
Analyst 1999, 124, (2), 177-184. 
(234) Agblevor, F.; Scahill, J.; Johnson, D., AIChE Symposium Series 1998, 94, 
146-150. 
(235) Nolte, M. W.; Liberatore, M. W., Energy & Fuels 2010, 24, (12), 6601-6608. 
(236) Adams, E. W. a. A., H., J. Am. Chem. Soc. 1925, 47, 1358-1367. 
(237) Patwardhan, A. A.; Sharma, M. M., Reactive Polymers 1990, 13, (1–2), 
161-176. 
(238) Morin, R. D.; Bearse, A. E., Industrial & Engineering Chemistry 1951, 43, (7), 
1596-1600. 
(239) Amonette, J. E.; Joseph, S., Biochar for Environmental Management: Science 
and Technology 2009, 33-52. 
(240) Boehm, H., Carbon 1994, 32, (5), 759-769. 
(241) Chun, Y.; Sheng, G.; Chiou, C. T.; Xing, B., Environmental Science & 
Technology 2004, 38, (17), 4649-4655. 
(242) Singh, B.; Singh, B. P.; Cowie, A. L., Soil Research 2010, 48, (7), 516-525. 
(243) Liaw, S. B.; Wu, H., Industrial & Engineering Chemistry Research 2013, 52, 
(11), 4280-4289. 
(244) Wornat, M. J.; Hurt, R. H.; Yang, N. Y. C.; Headley, T. J., Combustion and 
Flame 1995, 100, (1–2), 131-143. 
(245) Zolin, A.; Jensen, A.; Jensen, P. A.; Frandsen, F.; Dam-Johansen, K., Energy & 
Fuels 2001, 15, (5), 1110-1122. 
(246) Jensen, P. A. S., B.; Dam-Johansen, K. Pretreatment of biofuels for power 
production; CHEC center, Technical University of Denmark, 1999. 
(247) Jenkins, B.; Baxter, L.; Miles Jr, T.; Miles, T., Fuel processing technology 1998, 
54, (1), 17-46. 
(248) Kajita, M.; Kimura, T.; Norinaga, K.; Li, C.-Z.; Hayashi, J.-i., Energy & Fuels 
2009, 24, (1), 108-116. 
(249) Sueyasu, T.; Oike, T.; Mori, A.; Kudo, S.; Norinaga, K.; Hayashi, J.-i., Energy & 
Fuels 2011, 26, (1), 199-208. 
(250) Kong, Z.; Liaw, S. B.; Gao, X.; Yu, Y.; Wu, H., Fuel 2014, 128, (0), 433-441. 
(251) Wu, H.; Yip, K.; Kong, Z.; Li, C.-Z.; Liu, D.; Yu, Y.; Gao, X., Industrial & 
Engineering Chemistry Research 2011, 50, (21), 12143-12151. 
(252) Gao, X.; Li, Y.; Garcia-Perez, M.; Wu, H., Energy & Fuels 2012, 26, (11), 
6783-6791. 
(253) Jonker, M. T. O.; Koelmans, A. A., Environmental Science & Technology 2002, 
36, (19), 4107-4113. 
(254) Jorgensen, W. L.; Madura, J. D., Journal of the American Chemical Society 1983, 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  155 
105, (6), 1407-1413. 
(255) Fu, J.; Luthy, R., Journal of Environmental Engineering 1986, 112, (2), 328-345. 
(256) Eldredge, B. A. a. P., General Chemistry: Principles, Patterns, and Applications. 
Saylor Foundation: 2011. 
(257) Nathan, S., AP Biology Study Guide AP Biology Study Guide. FastPencil Inc: 
2009. 
(258) Akerlof, G., Journal of the American Chemical Society 1932, 54, (11), 
4125-4139. 
(259) Zuber, A.; Cardozo-Filho, L.; Cabral, V. F.; Checoni, R. F.; Castier, M., Fluid 
Phase Equilibria 2014, 376, (0), 116-123. 
(260) Shedlovsky, T.; Uhlig, H. H., The Journal of general physiology 1934, 17, (4), 
549. 
(261) Howell, O. R.; Jackson, W., Proceedings of the Royal Society of London. Series 
A, Containing Papers of a Mathematical and Physical Character 1934, 145, (855), 
539-551. 
(262) Jones, J. G.; Thomas, J. D. R., Talanta 1972, 19, (8), 961-969. 
(263) Esafov, V., Zhurnal Obshchei Khimii 1958, 28, (5), 1212-1218. 
(264) Karnowo; Zahara, Z. F.; Kudo, S.; Norinaga, K.; Hayashi, J.-i., Energy & Fuels 
2014, 28, (10), 6459-6466. 
(265) Scholze, B.; Meier, D., Journal of Analytical and Applied Pyrolysis 2001, 60, (1), 
41-54. 
(266) Bogaart, V. Glycerin Marke Brief, Croda Oleochemicals – new ideas in natural 
ingredients; 2009. 
(267) Xu, W.; Gao, L.; Wang, S.; Xiao, G., Energy & Fuels 2013, 27, (11), 6738-6742. 
(268) Cavalheiro, J. M. B. T.; de Almeida, M. C. M. D.; Grandfils, C.; da Fonseca, M. 
M. R., Process Biochemistry 2009, 44, (5), 509-515. 
(269) Pachauri, N.; He, B., ASABE Annual International Meeting 2006. 
(270) Yazdani, S. S.; Gonzalez, R., Current Opinion in Biotechnology 2007, 18, (3), 
213-219. 
(271) Cahyono, R. B.; Saito, G.; Yasuda, N.; Nomura, T.; Akiyama, T., Energy & 
Fuels 2014, 28, (3), 2129-2134. 
(272) Udomsap, P.; Yeinn, Y. H.; Hui, J. T. H.; Yoosuk, B.; Yusuf, S. B.; Sukkasi, S., 
Utility Exhibition on Power and Energy Systems: Issues & Prospects for Asia (ICUE) 
2011, 1-5. 
(273) Cheong, W. J.; Carr, P. W., Journal of Liquid Chromatography 1987, 10, (4), 
561-581. 
(274) Daniel Reger, S. G., David Ball, Chemistry: Principles and Practice. Cengage 
Learning: 2009. 
(275) Radlein, D., The Production of Chemicals from Fast Pyrolysis Bio-oils. In Fast 
Pyrolysis of Biomass: A Handbook, CPL Press: 1999, 164-188. 
(276)  International Agency for Research on Cancer, Fuel oils (heating oils); World 
Health Organization International Agency for Research on Cancer: 1998; p 240. 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  156 
(277) Lefebvre, A., Atomization and sprays. CRC press: 1988; Vol. 1040. 
(278) Li, D.-g.; Zhen, H.; Xingcai, L.; Wu-gao, Z.; Jian-guang, Y., Renewable Energy 
2005, 30, (6), 967-976. 
(279) Steele, P. H.; Pittman, C. U.; Ingram, L. L.; Gajjela, S.; Zhang, Z.; Bhattacharya, 
P. Method to upgrade bio-oils to fuel and bio-crude. US8603199 B2, 2011. 
(280) Di Felice, R.; De Faveri, D.; De Andreis, P.; Ottonello, P., Industrial & 
Engineering Chemistry Research 2008, 47, (20), 7862-7867. 
(281) Cohan, D.; Zygourakis, K.; Gonzalez, R. Sustainable Production and 
Deployment of Biodiesel in Texas; Shell Center for Sustainability Rice University: 
2009. 
(282) Dhar, B. R.; Kirtania, K., Chemical Engineering Research Bulletin 2010, 13, (2), 
55-60. 
(283) Nimlos, M. R.; Blanksby, S. J.; Qian, X.; Himmel, M. E.; Johnson, D. K., The 
Journal of Physical Chemistry A 2006, 110, (18), 6145-6156. 
(284) Athalye, S. K.; Garcia, R. A.; Wen, Z., Journal of Agricultural and Food 
Chemistry 2009, 57, (7), 2739-2744. 
(285) KOVÁCS, A., Petroleum & Coal 2011 53, (1), 91-97. 
(286) Kiss, A. A.; Ignat, R. M., Applied Energy 2012, 99, (0), 146-153. 
(287) Bournay, L.; Casanave, D.; Delfort, B.; Hillion, G.; Chodorge, J. A., Catalysis 
Today 2005, 106, (1–4), 190-192. 
(288) Atadashi, I. M.; Aroua, M. K.; Abdul Aziz, A. R.; Sulaiman, N. M. N., 
Renewable and Sustainable Energy Reviews 2012, 16, (5), 3456-3470. 
(289) Refaat, A. A., Int. J. Environ. Sci. Technol. 2010, 7, (1), 183-213. 
(290) Meher, L. C.; Dharmagadda, V. S. S.; Naik, S. N., Bioresource Technology 2006, 
97, (12), 1392-1397. 
(291) Zhou, W.; Boocock, D. G. B., J Amer Oil Chem Soc 2006, 83, (12), 1041-1045. 
(292) Atadashi, I. M.; Aroua, M. K.; Aziz, A. A., Renewable Energy 2011, 36, (2), 
437-443. 
(293) Zhou, H.; Lu, H.; Liang, B., Journal of Chemical & Engineering Data 2006, 51, 
(3), 1130-1135. 
(294) Csernica, S. N.; Hsu, J. T., Industrial & Engineering Chemistry Research 2010, 
50, (2), 1012-1016. 
(295) Zhou, W.; Boocock, D. G. B., J Amer Oil Chem Soc 2006, 83, (12), 1047-1052. 
(296) You, Y.-D.; Shie, J.-L.; Chang, C.-Y.; Huang, S.-H.; Pai, C.-Y.; Yu, Y.-H.; Chang, 
C. H., Energy & Fuels 2007, 22, (1), 182-189. 
(297) Pisarello, M. L.; Sacripanti Olalla, P.; Querini, C. A., Energy & Fuels 2013, 28, 
(1), 571-577. 
(298) Song, Q.-H.; Nie, J.-Q.; Ren, M.-G.; Guo, Q.-X., Energy & Fuels 2009, 23, (6), 
3307-3312. 
(299) Chen, H.-W.; Song, Q.-H.; Liao, B.; Guo, Q.-X., Energy & Fuels 2011, 25, (10), 
4655-4661. 
(300) Ohtaki, H., Monatshefte fuer Chemie 2001, 132, (11), 1237-1268. 
  REFERENCES 
Properties of Bio-oil-Based Fuel Mixtures  157 
(301) Zhang, M.; Wu, H., Energy & Fuels 2014, 28, (7), 4650-4656. 
(302) Raveendran, K.; Ganesh, A.; Khilar, K. C., Fuel 1995, 74, (12), 1812-1822. 
(303) Rahim, M. U.; Gao, X.; Garcia-Perez, M.; Li, Y.; Wu, H., Energy & Fuels 2013, 
27, (1), 310-317. 
 Every reasonable effort has been made to acknowledge the owners of copyright 
material. I would be pleased to hear from any copyright owner who has been omitted 













  APPENDIX 
Properties of Bio-oil-Based Fuel Mixtures  158 
APPENDIX COPYRIGHT PERMISSION STATEMENTS 
A. Chapter 4, reprinted with permission from (Mingming Zhang, Xiangpeng Gao, 
and Hongwei Wu. A Method for the Quantification of Alkali and Alkaline Earth 
Metallic Species in Bioslurry Fuels, Energy & Fuels 2013, 27, 6823-6830). 
Copyright (2013) American Chemical Society 
 
  APPENDIX 
Properties of Bio-oil-Based Fuel Mixtures  159 
B. Chapter 5, reprinted with permission from (Mingming Zhang, Suiboon Liaw, and 
Hongwei Wu. Bioslurry as a Fuel. 5. Fuel Properties Evolution and Aging during 
Bioslurry Storage, Energy & Fuels 2013, 27, 7560-7568). Copyright (2013) 
American Chemical Society 
  APPENDIX 
Properties of Bio-oil-Based Fuel Mixtures  160 
C. Chapter 6, reprinted with permission from (Mingming Zhang and Hongwei Wu. 
Bioslurry as a Fuel. 6. Leaching Characteristics of Alkali and Alkaline Earth 
Metallic Species from Biochar by Bio-oil Model Compounds, Energy & Fuels 2015, 
29, 2535−2541). Copyright (2015) American Chemical Society 
  APPENDIX 
Properties of Bio-oil-Based Fuel Mixtures  161 
D. Chapter 7, reprinted with permission from (Mingming Zhang and Hongwei Wu. 
Phase Behavior and Fuel Properties of Bio-Oil/Glycerol/Methanol Blends, Energy & 
Fuels 2014, 28, 4650-4656). Copyright (2014) American Chemical Society 
  APPENDIX 
Properties of Bio-oil-Based Fuel Mixtures  162 
E. Chapter 8, reprinted from Fuel, 159, Mingming Zhang and Hongwei Wu, Effect of 
Major Impurities in Crude Glycerol on Solubility and Properties of 
Glycerol/Methanol/Bio-oil Blends, 118–127, Copyright (2015), with permission from 
Elsevier (DOI:10.1016/j.fuel.2015.06.062.) 
 
